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I NTRODUCTION.
Although vacuum d e g a s s in g  was o r i g i n a l l y  c o n c e iv e d  
and d eve lop ed  to  s o lv e  the  problem o f  hydrogen i n  la r g e  
f o r g in g  i n g o t s ,  i t  was soon r e a l i s e d  that the a p p l i c a t io n  
o f  a v a c i am co u ld  a id  the  manufacture o f  c le a n e r  s t e e l  by  
r e a c t in g  the s o lu b le  oxygen w ith  carbon to  form gaseous  
carbon monoxide. The p r o c e s s e s  which were soon d eve lop ed  
r e c e iv e d  wide a p p l i c a t io n  in  a l l  branches o f  the w or ld ’ s 
s t e e l  i n d u s t r i e s  and now vacuum d e g a ss in g  i s  u t i l i s e d  to  
produce a spectram o f  s t e e l s  d i i c h  in c lu d e  vaca ira d e c a r b o r ise d ,  
low carbon grades; vacuum d e c a r b o r ise d  s t a i n l e s s  s t e e l s ;  and 
vacuum d e o x id is e d  a l lo y  s t e e l s  o f  many t y p e s .
c o n s id e r a b le  r e se a r c h  and developm ent work has been  
undertaken where the  o b j e c t s  have been  th e -a ch iev e m e n t  of  
low er oxygen c o n te n ts  t o g e th e r  w ith  few er  and s n a l l e r  
n o n -m e ta l l ic  i n c l u s i o n s .  T his has in c lu d e d  the vac urn 
trea tm en t o f  s t e e l  i n  the ’ open’ , s e m i - k i l l e d  and f u l l y -  
k i l l e d  c o n d i t io n s ,  b u t ,  i n  s p i t e  o f  th e se  s t u d i e s ,  th e re  
does not y e t  seem to  be any u n iv e r s a l  ru le  which can be 
a p p lie d  f o r  the p r o d u ct io n  o f  c le a n  s t e e l .  One th in g  i s  
c e r t a i n ,  however; the removal o f  oxygen by r e a c t io n  w ith  
carbon has not taken  p la c e  to  the e x te n t  th a t  was o r i g i n a l l y  
e x p e cted  from thermodynamic c o n s i d e r a t io n s . F in a l  oxygen  
l e v e l s  have been  e q l i v a l e n t  a t  b e s t  to  th o se  in  e q u i l ib r iu m  
w ith 70-100  t o r r  o f  carbon monoxide even though, the  
d e g a ss in g  p r e s su r e s  have o f t e n  been l e s s  than  1 t o r r .  T h is  
has been found f o r  a l l  p r o c e s s e s  and'no one stands out as
b e in g  s u p e r io r .
The removal o f  oxygen i s  l e a s t  e f f i c i e n t  ’with the  v ery
h ir h  and the  v erv  low carbon l e v e l s  and i s  a t  a maxiin»un
\
'.'/.usre -one caroon ana oxygen c o n te n t s  are s t o i c h i o m e t r i c .  ' 
The Tact th a t  e q u i l ib r iu m  i s  not reached i s  gene r a l  3. y  
thought to  os due t o : -
( i ) the k i n e t i c s  o f  the carb o n -o x y g e n  r e a c t io n  where the
d i f f u s i o n  o f  the m in o r ity  s p e c i e s  seems to  be 
l i m i t i n g ,
( i i )  the presence o f  in s o lu b le  ox ide  i n c l u s i o n s ,  ( e i t h e r  
exogenous in  nature from s la g  and r e f r a c t o r y  so u r c e s ,  
or d e o x id a t io n  p rod u cts  formed by r e a c t io n  w ith
• tr a c e  amounts o f  a lum inium ), which do not perm it  
a b so lu te  assessm en t by s o lu b le  oxygen.
( i i i )  the pickup o f  oxygen from s la g  and r e f r a c t o r i e s ,
the amount o f  which w i l l  vary  w ith  the .s la g
c o m p o s it io n , the type o f  o x id e s  which are used to  
c o n ta in  the s t e e l ,  and the area to  volume c o n s id e r ­
a t i o n s .
The purpose o f  the  work rep orted  here was to  exam ine,
in  the la b o r a to r y ,  the k i n e t i c s  o f  oxygen t r a n s f e r  from th o se
r e f r a c t o r y  o x id e s  with which the s t e e l  norm ally  comes in t o
c o n ta c t  and to  supplement t h i s  w ith  in fo r m a tio n  from s t e e l s
deg assed  by the 30 to n  Dortmund Horder (D .H .) u n i t  a t
E n g lish  S t e e l  C o rp oration  Ltd.
Chapter I review s the p u b lish ed  in fo r m a tio n  on the
thermodynamics and k i n e t i c s  of the carbon-oxygen  and o x id e -
mete. 1 r e a c t io n s ,  and a l s o  in c lu d e s  a sh o r t  s e c t i o n  on* %
r e s u l t s  from l a r g e - s c a l e  d e g a ss in g  o p e r a t io n s .  Chapter I I
d e a ls  w ith  la b o r a to r y  m e lts  and g i v e s  d e t a i l s  o f  app aratu s
and exp er im en ta l methods as w e ll ,  as p r e s e n t in g  and d i s c u s s i n g
the r e s u l t s  o b ta in ed . Chapter I I I  p r e s e n t s  the r e s u l t s  
ob ta in ed  from the works t r i a l s  and d i s c u s s e s  t h e i r  v a lu e  w ith
(vi)
r e s p e c t  to  the carbo'n/oxygen r e a c t io n  and the a tta in m en t  
o f  low er oxygen l e v e l s .  .The c o n c lu s io n s  * and s u g g e s t io n s  
fo r .  fu tu r e  work a r r iv e d  a t  as a r e s u l t  o f  t h i s  work are  
g iv e n  a t  the end o f  t h i s  d i s s e r t a t i o n .
(vii)
M rv. Ii V ±:Z> ,y y j -  x a ^ j  i \ t U K i .
; " . . V I EQUILIBRIA.
1 * Thermodynamic e q u i l i b r i a  'between  a m elt  
and i t s  vapour -phase,
1 . 1 .  G en era l ,
Removal o f  im p u r i t ie s  may be e f f e c t e d  i n  the f o l lo w in g  
w a y s ( l )
In  an i o n i c  s o l u t i o n  where the e le m e n ts  in v o lv e d  are  
ga seou s  ( e . g .  Hg, ^2 ) or  n on -m eta ls  ( e . g .  0 , 0 )  removal can  
be by a d i s s o c i a t i o n  p r o c e s s  or by ch em ica l r e a c t i o n .  Both  
are u s u a l ly  h e tero g en eo u s  r e a c t io n s  o c c u r r in g  a t  i n t e r f a c e s  
i n v o lv in g  the d i s s o c i a t i o n  o f  the  g a s -m e ta l  compound, 
reco m b in ation  to  form a. m o lecu le  and th en  d e s o r p t io n  o f  
the  m o lecu le  in t o  the  g a s  p h a se .
M e ta l l i c  im p u r i t ie s  may be removed by e v a p o r a t io n  
(P b ,Sn , Sb) but i f  the vapour p r e s s u r e s  o f  the  a l l o y i n g  
e lem en ts  are s im i la r  to  th a t  o f  the  im p u r ity  th en  removal
o f  th e s e  w i l l  a l s o  o c cu r .  V o l a t i l i s a t i o n  o f  ch em ica l  
compounds ( e . g .  m e t a l l i c  m onoxides) may a l s o  be u sed  to  
decontam inate  the m elt  i f  t h e i r  vapour p r e s s u r e s  are  
s u f f i c i e n t l y  h ig h .
The same p o s s i b i l i t i e s  e x i s t  i f  the im p u r i t ie s  are  
n o t d i s s o l v e d  but f l o a t  a s  a sep a r a te  phase on th e  su r fa c e  
o f  the b a th .  They can be removed by a s e p a r a te  d i s s o c i a t i o n  
p r o c e s s ,  by  chem ica l r e a c t i o n  a t  the  phase b o u n d a r ie s  or*by  
e v a p o r a t io n  from the  s u r f a c e s  exposed  to the  vacuum. I f
the  im p u r i t ie s  are d is p e r s e d  i n  the m e lt ,  e v a p o r a t io n  and 
g a s  e v o lu t io n  by d i s s o c i a t i o n  or ch em ica l r e a c t i o n  are  
h in d ered  by the  h y d r o s ta t ic  p r e s s u r e .  On the  o th e r  hand, 
exchange p r o c e s s e s  v ia  the  e q u i l ib r iu m  o f  th e  s o l u t e  w ith
1
the m elt  are s t i l l  p o s s ib le *  
The p r o c e s s  o f  d i s s o c i a t i o n .
The e q u i l ib r iu m  govern in g  d i s t r i b u t i o n  o f  a d ia tom ic  
ga s  betw een  l i q u i d  and gas p h a ses  i s  d e s c r ib e d  a p p ro x im a te ly  
by S i e v e r t ’ s law (2 )
i . e .  [ x ]  =^==- g 2 (g )
K = ( t a g ) !  ,
  z  where Px  ^ = p a r t i a l  p r e s su r e  o f
[  ax l  X i n  g a seou s  p h a se .
a c t i v i t y  o f  X 
d i s s o l v e d  i n  l i q u i d  
i r o n .
A sh o r t  account f o l lo w s  commenting on i t s  v a l i d i t y  f o r  
oxygen, n i t r o g e n  and hydrogen i n  l i q u i d  s t e e l .
Oxygen.
For oxygen d i s s o l v e d  i n  an ir o n  m elt
C 0 3 **5— - ^ )
A g°  = 2 8 ,0 0 0  + 0 .69T
K1 = M = 3 .8x10^
[ ao ]
'The e f f e c t  o f  tem perature on t»02 can  be found from  
F ig u r e s  1 and 2 .  F igu re  3 shows c u rv es  f  or {* O2 a g a in s t  
oxygen c o n c e n tr a t io n  f o r  i r o n  a t  13^-0 and 1600° G e n t ig r a d e (3 )  * 
The l i n e a r  r e l a t io n s h ip  o b ta in ed  i s  to  be e x p e c te d  s in c e  
the  a c t i v i t y  c o e f f i c i e n t  j-Q = wtfo 0 i s  c o n s ta n t  over  
the whole s o l u b i l i t y  range I t  w i l l  be se e n  from the
d i s s o c i a t i o n  p r e ssu re  J> 02 v a lu e s  shown i n  F ig u r e s  1 - 3  t h a t  
d e o x id a t io n  by breakdown o f  g a s -m e ta l  bonds i n  the  i r o n -  
oxygen system  r e q u ir e s  such low p r e s s u r e s  a s  to  make th e  
method im p r a c t ic a b le .
N itr o g e n .
5'or n i t r o g e n  d i s s o l v e d  i n  l i q u i d  i r o n U )
[ h ]     .  (2 )
2
K2 “ t N2 2 = 2 3 .2
M
Assuming t h a t  t h i s  r e l a t i o n s h i p  i s  v a l i d  over  a 
range o f  p r e ssu re  ( 6 ) ,  F igure  k  ( l )  shows the p r e s su r e  
dependence o f  n i t r o g e n  i n  l i q u i d  ir o n  and i l l u s t r a t e s  t h a t  
removal o f  n i t r o g e n  by the  d i s s o c i a t i o n  o f  the  m eta l n i t r i d e  
i s  to  he e x p e c ted  a t  i n d u s t r i a l  vacuum l e v e l s .
1 *2 . 3 . Hydrogen .
The behav iou r  o f  hydrogen i s  v e ry  s im i la r  to  t h a t  o f  
n itro g en *  The breakdown o f the g a s -m e ta l  bond b y  r ed u c in g  
pHg not p r e s e n t  any d i f f i c u l t y .  I t  i s , ’i n  fa c t ,m u c h
e a s i e r  and more e f f e c t i v e  than  r e a c t io n  w ith  oxygen , which  
i n  p r i n c ip l e  i s  a l s o  p o s s i b l e .  Moreover e q u i l ib r iu m  i s  
reached  much f a s t e r  than v/ith n i t r o g e n  b ecau se  the  
d i f f u s i o n  r a te  o f  hydrogen i s  much f a s t e r  than  t h a t  o f  any 
o th e r  g a s .  F igu re  k  shows the  dependence o f  hydrogen i n  
l i q u i d  i r o n  upon the  p r e s s u r e ,  deduced from
1 . 3 .  E l im in a t io n  o f  oxygen by a r e d u c t io n  p r o c e s s .
In  S e c t io n  1 .2 * 1 .  i t  i s  con c lu d ed  th a t  d e o x id a t io n  
by a d i s s o c i a t i o n  p r o c e s s  i s  im p r a c t ic a b le  and, t h e r e f o r e ,  
ch em ica l r e a c t io n  in v o lv in g  a red u c in g  agent must be  
employed whereupon the f i n a l  oxygen c o n te n t  approaches an 
e q u il ib r iu m  l i m i t  determ ined by the  c o n c e n tr a t io n  o f  the
. O )
370
r c u u u i i j ^  ciiiu. unc; jL-ca.u oa,uix jjx'u u u c  b i  u r m e a .  x n x * ee
r e a c t io n s  may “be used; r e d u c t io n  w ith  carbon, w ith  hydrogen  
or v/ith  a m eta l h av in g  a h ig h er  a f f i n i t y  f o r  oxygen.
h e o x id a t io n  w ith  m e t a l l i c  red u c in g  a g e n ts  i s  u s u a l ly  
f a s t e r  than  v/ith  carbon or hydrogen s in c e  g e n e r a l ly  i t  i s  
l e s s  dependent on n u c le a t io n  and tr a n sp o r t  phenomena than  
r e a c t io n s  l e a d in g  to  bubble fo r m a t io n .  F igu re  5 (3 )  
compares the d e o x id i s in g  e f f e c t s  o f  carbon and o th e r  e le m en ts  
i n  l i q u i d  s t e e l .  However, com p lete  removal o f  th e  i n s o lu b l e
d e o x id a t io n  p ro d u cts  i s  v i r t u a l l y  im p o ss ib le  and t h e r e i n  
l i e s  the  advantage o f  r e d u c t io n  by carbon 03? hydrogen  where 
the  p rod u cts  are g a se o u s .  On the  o th e r  hand, i n  c a s e s  where 
r e d u c t io n  by carbon or hydrogen d oes  n o t  a t t a i n  an en d p o in t  
• s u f f i c i e n t l y  q u ic k ly  or c o m p le te ly ,  d e o x id a t io n  by  
p r e c i p i t a t i o n  may be n e c e s s a r y .  The main advantage o f  r e ­
d u c t io n  by hydrogen i s  t h a t ,  i n  th e  u l t im a t e ,  th e  r ed u c in g  
agent can be removed from the bath  by vacuum trea tm en t  
p r o v id in g  tem perature l o s s e s  w i l l  a l lo w  t h i s .  Even so the  
e f f i c i e n c y  o f  oxygen removal i s  low  and c o n se q u e n t ly  t h i s  
tech n iq u e  i s  o n ly  used  v/ith the vacuum in d u c t io n  m e l t in g  o f  
e le m en ts  which are e a sy  to  d e o x i d i s e ,  such as  n i c k e l .  For 
o th e r  f e r r o u s  a l l o y s  r e d u c t io n  o f  oxygen by  carbon i s  
i n v a r ia b ly  adopted i n  p r a c t i c e  s i n c e ,  w h i l s t  b e in g  much the  
cheaper i t  i s  a l s o  the more e f f e c t i v e .
1 , The carb on /oxy gen  r e a c t i o n .
For the r e a c t i o n  betw een  carbon and oxygen d i s s o l v e d  
i n  l i q u i d  ir o n  the  e q u i l ib r iu m  can be r e p r e s e n te d  by
[c]  + [ o l  =
o
k
can “be round by combining the data  o f  r e a c t io n s  K5) and
16)
C0(g )  + ^  C02 ( g )  • • . 15)
E5 = N °2 "
 ^ f>co[ “oj
F igu re  6 summarises the e v a lu a t io n s  o f  t h i s  r e a c t io n
(8-12) and the f o l lo w in g  e q u a t io n s  are c o n s id e r e d  the most 
u s e f u l  (12 )
A g°  = -3 7 ,0 1 0  + 2 0 ,3 1 ?  c a l /m o le
l o g  Kg =  8 , 0 8 8  _  i4_.l4.38
C02 (g )  + [ C l  2G0 tg )  . . .  ( 6 )
K,- = ^co2 '
t)co2 C-cJ
D a ta fe ,  1 0 , 1 3 , lij-, 15^f o r  t h i s  r e a c t i o n  are shown i n  
F igu re  7 (7 )  from which the  most a ccu ra te  e q u a t io n s  are  
c o n s id e r e d  to  be (1 4 )
A G? = 3 3 ,3 0 0  -  3 0 . 1+0 T c a l /m o le6
l o g  = - 7 ,2 8 0  + 6 .6 5
T
s i n c e ,  i n  c o n t r a s t  to  th e  o t h e r s ,  th e s e  have b een
determ ined  from a c tu a l  e x p e r im en ta l  measurements o f  th e
CO/co^ r a t i o s  i n  e q u il ib r iu m  v/ith  l i q u i d  iron© can  nov/
be found by combining e q u a t io n s  ( 5 ) and ( 6 ) t o  g iv e  
A(i° =; -  3 ,7 1 0  -  10*091’ c a l /m o le
4
l o g  IC,, = + 2 .2 0 5if Qi
At 1600° C entigrade Kj, = 434»
The f i r s t  q u a n t i t a t iv e  s t u d ie s  o f  th e  C/ 0  r e a c t i o n  
began v/ith F ie ld  (16) who, from s t u d ie s  on th e  r a te  o f  
carbon e l im in a t io n  from BOH b a t h s ,  deduced th a t  an
j 5
e q u il ib r iu m  must "be reached  betw een  carbon, oxygen and
p a r t i a l  p r e ssu r e  o f  carbon monoxide above th e  m eta l s u r fa c e .  
I t  v/as l a t e r  shown by H erty (17 )  t h a t  f o r  carbon c o n te n t s  
o f  l e s s  than o.20% m -- D&3 £?oC>l 0 .0022*  Laboratory  
s t u d ie s  were f i r s t  s t a r t e d  by Vacher and H am ilton (IB)  
v/ho showed th a t  e q u i l ib r iu m  c o u ld  be approached from both  
s i d e s .  The e a r l y  assum ption  th a t  m v/as v i r t u a l l y  
independent o f  carbon c o n te n t  and tem perature was proved  
i n v a l i d  when M arshall and Ghipman (19) e q u i l i b r a t e d  CO/COg 
m ix tu res  w ith  l i q u i d  ir o n  a t  p r e s s u r e s  up to  20 atm ospheres.  
The s o l u b i l i t i e s  o f  b o th  carbon and oxygen i n  l i q u i d  ir o n  
in c r e a s e  as the  gas p r e ssu re  i s  r a i s e d  r e s u l t i n g  i n  g e n e r a l  
improved accu racy  o f  oxygen d e te r m in a t io n s  e x c e p t  a t  h ig h  
carbon c o n t e n t s .  T his i s  thought to  be the  r e a so n  why t h i s  
stu d y  found an in c r e a s e  i n  m w ith  an in c r e a s e  i n  carbon  
c o n te n t .  The exp erim en ts  have s in c e  b een  r e p e a te d  by Fuwa 
and Ghipman ( 1 0 ) and as F igu re  8 shows m i s  now thou ght to  
d ecrea se  as the carbon i s  r a i s e d .  Two f a c t o r s  may account  
f o r  t h i s  d e c r e a s e .  F i r s t l y  the gas i n  e q u i l ib r iu m  w ith  
carbon d i s s o l v e d  i n  l i q u i d  ir o n  i s  not pure carbon m onoxide, 
b u t c o n ta in s  some CO2 , and se c o n d ly ,  the  a c t i v i t i e s  o f  
d i l u t e  s o l u t i o n s  o f  oxygen and carbon do n o t  conform to  
H enry's law .
1 . 3 . 1 . 1 .  E f f e c t  o f  carbon d i o x i d e .
4
From e q u a t io n  5 and u s in g  the  data  o f  Fuv/a and
Chipman ( 1 0 ) the in f lu e n c e  o f  the  p resen ce  o f  carb on  d io x id e  
has been  examined by Jackson  and Hyams'( 2 0 ) .
k5 = r co 2
j>co [ aol
6
i f  the  gas i n  c o n ta c t  v/ith  the m elt i s  composed s o l e l y  
o f  CO and CO2 so th a t   ^ COo + J?cq = ^  = system  p r e s s u r e ,
)CO ~  • *  e  ( 8 )
1 + a-0 * K5 „ , M
But from e q u a t io n  (i |)  ( 1 0 ) j>CQ = •[fbo]  1 j o  * J  c
and th e r e fo r e  jj&cl _ ___
\  ‘/o  * / c  &  + K5-/ot'-°h''. .
E quation  (9 )  ta k e s  in t o  account the  fo rm a tio n  o f  h o th  GO 
and COg and the  r e s u l t s  o f  the s o l u t i o n  are shown i n  
Eigure 9 ( 2 0 , 2 1 , 2 2 ) .  The s o l i d  c u r v es  corresp on d  to  the  
true  e q u i l i b r i a  whereas the d o t te d  l i n e s  corresp on d  to  the  
sim ple  r e l a t io n s h ip  [j&ol = ^T . The tem p era tu res
ch o sen  v/ere 1600° C entigrade f o r  th e  one atmosphere curve  
and 1550° C entigrade f o r  the 100 mm, 10 mm and 1 mm p r e ssu r e  
c u r v es  which corresp ond  to  the tem peratures u s u a l l y  a t t a in e d  
p r io r  to  tap and d u rin g  vacuum trea tm en t by the  D.H, method. 
Jb’rom f ig u r e  9 i t  i s  e v id e n t  th a t  f o r  e q u il ib r iu m  carbon and 
oxygen c o n t e n t s ,  the  a c t i v i t i e s  o f  carbon may g e n e r a l ly  be  
tak en  as equal t o  i t s  w eight % f o r  a l l  v a lu e s  betw een  0 .0 0 5
and 0 . 20?5C. T h er e fo r e ,  from e q u a t io n  ( 6 )
_ KCC^7^ * . . . (10)
co2
T h is  e q u a t io n  has b een  s o lv e d  f o r  |>co + |)co 2 = ? T f o r
v a r io u s  v a lu e s  o f  P,p a t  a tem perature o f  1550° C e n t ig ra d e .  
The r e s u l t i n g  c u rv es  are p l o t t e d  i n  f i g u r e  10 from which i t  
i s  e v id e n t  th a t  a t  a l l  p r e s s u r e s  l e s s  than  10 t o r r ,  00 -  COg 
m ix tu r es  i n  e q u il ib r iu m  w ith  i r o n  w i l l  c o n ta in  n e g l i g i b l y  
sm all  p e r c e n ta g e s  o f  OOg.
1 . 3 . 1 . 2 . Thermodynamic data  on carbon and oxygen i n  i r o n .
The s o l u b i l i t y  o f  pure FeO i n  h ig h  p u r i t y  i r o n  
depends o n ly  on tem perature h u t pure FeO i s  d i f f i c u l t  to  
a ch iev e  due to  co n ta m in a tio n  from the c r u c ib l e  and s in c e  
the s o l u b i l i t y  o f  the pure ox id e  i s  g r e a te r  than th a t  o f  the  
impure o x id e ,  a sm all c o r r e c t io n  must he a p p l ie d .  Assuming  
t h a t  the s o l u b i l i t y  i s  p r o p o r t io n a l  to  mole f r a c . t i o n 5 
F igu re  11 (23 )  shows c o r r e c te d  d a ta  o f  Chipman and F e t t e r s  
(2k)  • A lso  shown i s  data  o f  T aylor  and Ghipman (2 5 )  who 
o b ta in ed  a d i r e c t  measurement o f  the  s o l u b i l i t y  o f  the  pure  
ox id e  u s in g  a r o t a t i n g  in d u c t io n  furnace  whereby th e  l i q u i d  
ox id e  r e s t e d  on top  o f  the  m o lten  ir o n  and out o f  c o n t a c t  
w ith  the c r u c i b l e .  Both s e t s  o f  d a ta  are r e p r e s e n te d  by  
the  l i n e  whose e q u a t io n  i s
log, fjao] = “ + 2 . 75k . . . m )
T
Gokcen ( 1 2 ) g i v e s  the  s o l u b i l i t y  o f  oxygen i n  l i q u i d  i r o n
aS l o g  [%o] = ~ 5762 + 2 .4 3 9  . . . ( 1 2 )
T
E q uations (1 1 ) and ( 1 2 ) agree c l o s e l y  a t  1600°  C entigrade  
as shown i n  Table I .
F l o r i d i s  and Chipman (26 )  i n v e s t i g a t e d  the  thermo­
dynamics o f  oxygen i n  l i q u i d  i r o n  making use  o f  th e  
h2 - [ 0] -  H2 O -  Fe system . S im ila r  work was undertaken by
Gokcen ( 1 2 ) and Dastur and Chipman ( 2 7 ) .  The eq u ilib r iu m ,  
can  be e x p r e sse d  as
H2 ( E) + t* ° l  —  H2 ° ( g )  V = j” :-™  ' • ‘ (1 3 )
and the e q u a t io n s  ( 1 2 ,2 6 ,2 ? )  have been  summarised by  
Bodsv/orth ( 7 ) ,  the b e s t  v a lv e s  b e in g  e x p r e sse d  by  (2 6 )
8
13 = ”* + 1M-.6311 c a l /m o le
lo g  IC13 = 7030 .  3 #20
T
g iv in g  K13 = 4 .6 8  @ 1550°C. and K13 -  3 -65  @ l6 0 0 °C c
Prom t h i s  d a ta  the h e a t  and f r e e  en ergy  change
accompanying the s o l u t i o n  o f  g a seo u s  oxygen i n  l i q u i d  ir o n  
may "be o b ta in ed  as f o l l o w s : -
^ ( g )  + H2 ° ( g )  =- 3 2 ’ 200 + lb- -63T • ♦ * t 1 3 '
^ ( g )  + f ^ g )  ^ rII2 ° ( g )  ^ 3ll!- =“6 0 ’ 200 + 1 3 -9^T • • • U 4 )
Combining e q u a t io n s  (.13) and (14) g iv e s
! „  — -  I" ?201 A o °  = - 2 8 ,0 0 0  -  0 . 69T . . . (15 )
£ ° 2 (g )  —  L‘ ' 13
The a c t i v i t y  c o e f f i c i e n t  o f  oxygen was found (2 6 ) to  
d ec re a se  s l i g h t l y  w ith  in c r e a s in g  c o n c e n tr a t io n  a cco rd in g  to
l o E f  o = -  0 .2 0  . • • ( 1 6 )
F igu re  12 (7 )  shows the e f f e c t  o f  o th er  s o l u t e s  on the
a c t i v i t y  c o e f f i c i e n t  o f  oxygen i n  ir o n  a t  1600° C e n tig ra d e ,
The s o l u b i l i t y  o f  carbon i n  l i q u i d  i r o n  i s  shown by  
the  iro n -ca r b o n  phase diagram where the r e l a t i o n s h i p  v/ith  
tem perature i s  l i n e a r  i n  the range from the  e u t e c t i c  a t  
1153° C entigrade upwards to  about 1900° C e n tig ra d e , The 
s o l u b i l i t y  i s  g iv e n  by
D&Q = 1.3;+ + 2.5)+ x 10 \  (°c) . . . (17)
The v a r ia t i o n ,  w ith  tem p erature , o f  the  a c t i v i t y  o f
4
carbon i n  l i q u i d  ir o n  has b een  determ ined f o r  a l l  
c o n c e n tr a t io n s  up to  s a t u r a t io n  ( 1 3 , 1 4 ) and the  combined  
d ata  o f  th e se  i n v e s t i g a t i o n s  are r e p r e se n te d  by the  
e q u a t io n  ( 1 4 ) .
log fo = ”  [ 1 + ,+ x 1 0 ' H (T  - 1770}J U - t?e)2. . . ( 18)
9
The v a r ia t i o n  o f  a c t i v i t y  w ith  c o n c e n tr a t io n  i s  g iv e n  i n
f ig u r e  13 which shows t h a t  the a c t i v i t y  v a r i e s  markedly
from Henry* s law when the  c o n c e n tr a t io n  of* carhon e x ce ed s  
vr o
O.Z'Vo.  At 1540 C entigrade the data  can "be r e p r e se n te d  
lay (.28)
lo g  Jo  = 0 .2 0  [yiCi] -  0 .0 0 8  [>Sc] 2 . . , (19 )
The a c t i v i t y  changes o n ly  s lo w ly  as the tem perature i s  
r a is e d  and f o r  c o n c e n tr a t io n s  up to  2w/ o  G e q u a t io n  ( 1 9 ) 
r e p r e s e n t s  the ex p er im en ta l data  v/ith s u f f i c i e n t  accu racy  
over the tem perature range o f  i n t e r e s t  i n  s te e lm a k in g ,
W ithin the c o m p o s it io n  range in  which the a c t i v i t i e s  
conform to  H enry's law the a c t i v i t y  c o e f f i c i e n t  o f  carhon  
i s  g iv e n  by
logj|*c  = + 0 . 2o|[^C^l . . „ ( 2 0 )
The e f f e c t  o f  carhon on the a c t i v i t y  c o e f f i c i e n t  o f  oxygen
has h een  e v a lu a te d  hy the f o l lo w in g  procedure ( 8 ) .
* /  coAt any ch osen  tem perature a p l o t  o f  lo g  = l o g  / — !— „ ^[ f r ]  I
ve rsu s  f<C in te r c e x j ts  the zero a x i s  a t the v a lu e  o f  lo g  K 
f o r  th a t  tem perature. The s lo p e  o f  t h i s  plot- i s  e q u a l to  
lo g  -  l o g  = l o g J Q + lo g j* ^  and f o r  pure Fe ~ C ~ 0 
m e lts  i s  -  0 .2 2  a t  1600°  C en tigrad e . Expanding the
a c t i v i t y  c o e f f i c i e n t s  f o r  oxygen and carhon and s u o s t i t n t i n g  
t h i s  va lue  g i v e s  the r e l a t i o n
lo g  J  Q + lo g  ^ q + lo g  J c -t- lo g  j  c = - 0 .2 2  [ /^’c>gJ . . * (2 l )
For a l l  h u t  very  low carhon c o n te n t s  the v a lu e s  o f  l o g j f  ^
and lo g  are very  sm all and can  he n e g le c t e d  and when the
value  f o r  logjf“c i s  s u b s t i t u t e d  from e q u a t io n  (1 9 ) we o b ta in
l o g X °  = _ O.lj.2 jjSc] -  0 ,0 0 8  [foC] . . .  ( 2 2 )
In F igure  114- (7 )  the  v a r i a t i o n  o f  t h i s  c o e f f i c i e n t  w ith  carhon  
c o n c e n tr a t io n  ( l i n e  I )  i s  comxjared with o th e r  p u D lish ed
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v a lu e s  1 0 , p u j .  Although l i n e  V1 0 J d i f f e r s
from a l l  the  o th er  e q u a t io n s  the  a n a l y t i c a l  te c h n iq u e s  are
IDrobably the most a c c u r a te .  In a d d i t io n  to  t h i s ,  chromium
was added to  the m e lt s  to  in c r e a s e  the  oxygen s o l u b i l i t i e s
and improve the accuracy  o f  the  oxygen a n a ly s e s .  However,
i t  must he remembered th a t  the va lu e  o f t c i s  th enJ o
dependent on the accu racy  o f  the i n t e r a c t i o n  c o e f f i c i e n t  
f o r  chromium v/ith oxygen which i s  used to  c o n v e r t  the data  
to  the  pure ir o n -ca r b o n -o x y g en  system .
At one time the  e f f e c t  o f  carbon on the  a c t i v i t y  
c o e f f i c i e n t  o f  oxygen was a t t r ib u t e d  to  a sm a ll  s o l u b i l i t j 7- 
o f  carbon monoxide i n  l i q u i d  ir o n  ( 1 9 , 31) which was thou ght  
to  in c r e a s e  w ith  carbon c o n te n t .  I t  i s  now r e c o g n is e d ,  
however, th a t  the e f f e c t  i s  probab ly  due to  an i n t e r a c t i o n  
betw een the  carbon and oxygen atoms ( 3 2 , 3 3 ) which low ers  
the a c t i v i t y  c o e f f i c i e n t s  o f  b o th  carbon and oxygen. 
G e n er a lly  the c o n c e n tr a t io n  o f  carbon i s  very  much g r e a t e r  
than  th a t  o f  oxygen and the e f f e c t  o f  oxygen on the  a c t i v i t y  
o f  carbon i s  s i g n i f i c a n t  o n ly  a t  v ery  low c o n c e n tr a t io n s  o f  
carbon. I n t e r a c t io n  e f f e c t s  o f  o th er  s o l u t e s  w ith  carbon  
i n  l i q u i d  ir o n  are shown i n  F igure  1 5 r
and c r u c i b l e .
In a d d i t io n  to  the r e a c t io n  "between atmosphere and 
m e lt ,  th ere  a l s o  e x i s t s  i n  a l l  m e lt in g  p r o c e s s e s  i n  which  
oxide  c r u c i b l e s  are used , a r e a c t i o n  "between m elt  and 
c r u c ib le *  T h is  r e s u l t s  i n  a c o n s ta n t  supp ly  ol* oxygen  
from the c r u c ib le  during d e o x id a t io n  o f  the  m elt by carbon  
or hydrogen and i n  a l i m i t a t i o n  o f  the oxygen l e v e l  th a t  
depends on the  chem ica l s t a b i l i t y  o f  the c r u c ib l e  m a te r ia l  
which cannot be improved upon.
M eta l/o x id e  r e a c t io n s  can occur accord in g  to  the  
f o l lo w in g  g e n e r a l i s a t io n s
<M0> [til + t o ]  . . .  (23)
<M0> + t c l ^ S p }  + (co^  . . . (2lt)
2 <M0> + [ct? :[iio^  + [u] -I- { colj . . . (25)
[m] + [o] . . .  (26)
R e a ct io n  (23) would norm ally  be fo l lo w e d  by r e a c t i o n  o f  
the  oxygen w ith  carbon a t  the g a s /m e ta l  i n t e r f a c e .
Equation (21+) i s  the d i r e c t  r e a c t io n  betw een carbon and the  
ox id e  and occu rs  o n ly  a t  a th r ee  phase i n t e r f a c e  such as  
the su r fa c e  o f  a m elt  or a t  a s i t e  where carbon monoxide  
b u bb les  are grow ing. R e a c t io n s  (23 ) and (26 ) in v o lv e  the  
fo rm a tio n  o f  a g aseou s su b -o x id e  phase and (25 ) l i k e  (2h)  
can  o n ly  occur a t  a th r ee  phase boundary  
2*1* D i s s o c i a t i o n  o f  a lum ina .
Bodsv/orth ( 7 ) has compared work done on d e o x id a t io n *  
by aluminium. The same e q u a t io n s  can be m o d if ied  to  
p r e s e n t  the  c a se  f o r  d i s s o c i a t i o n  o f  the o x id e ,  
i ’or the d i s s o c i a t i o n  r e a c t io n
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(A 120^> 2 I AIJ + 3 I 0 J
^27 ” ^0 All t  ao
(  aAI2 03 )
This e q u i l ib r iu m  c o n s ta n t  can  he c a lc u l a t e d  from the  
f o l lo w in g  d ata  by com bining
3 ^ 2 ]  *" ^^*2^3^ ^j^AlJ *r - 5 |h 2 ^  (34 )  . • (28 )
A G28 = + 196»000 - 47.44 T cal mol-1
v/ith ( h 2 0  ^ --^= [ f^ ]  + 1 0 \  ( 1 2 ) ( 2 6 ) ( 2 7 )  . . . (13 )
AGa3 = + 3 2 ,2 0 0  -  1 4 .6 3  (26)
So f o r  e q u a t io n  (27) A $27 1 = 2 9 2 ,6 0 0  -  9 1 .3 3 1
and log^Q ^2 7 .1  = *"* 6 3 .9 6 0  + 1 9 .9 6
J '
F igure 16 compares e q u a t io n  ( 2 7 .1 )  v/ith o th e r  d e te r m in a t io n s  
( 2 3 ) ( 3 5 ,7 ) ( 3 4 )  and w h i l s t  th ere  i s  some s c a t t e r  ( 2 7 .3 )  and 
(27*4) g iv e  the  b e s t  agreement* These l a s t  two are r e v i s i o n s  
o f  (2 7 . 2 ) bu t w ith  more r e c e n t  a c t i v i t y  d a ta  f o r  aluminium  
i n  ir o n  and hence are c o n s id e r e d  to  be the most r e l i a b l e .
The d a ta  by Oobken and Chipman (34) h a s ,  t h e r e f o r e ,  b een  
chosen  to  r e p r e se n t  e q u a t io n  ( 2 7 )
A g 2 7 .U = + 29°> 5 °°  -  93.7'? c a l  mol-
1,06 K2 7 .4  = -  6 3 ,5 0 0  + 2 0 .4 8
T
- 1 4
At 1600 G entigrade K0j  j = 3 .7 8  x 10
The apparent e q u il ib r iu m  c o n s ta n t
*27 = [^ A ll2 t * ° l 3
< SA12 03 >
has b een  determ ined by a number o f  i n v e s t i g a t o r s  (3 6 -3 9 )  
f o r  e q u i l ib r iu m  w ith  pure alumina and t h e i r  v a lu e s  are a l s o  
shown i n  F igu re  16 . I t  can  be seen  th a t  as w e l l  a s  th e  wide  
s c a t t e r  betv/een th e se  v a lu e s  th e y  are a l l  f a r  removed from
} (2 7 )
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tne ca-Lcuj.aT,ea v a iu e s t t h is  l a t t e r  'd if fe r e n c e  may "be due 
to
( i )  s tr o n g  n e g a t iv e  d e v ia t io n  from i d e a l i t y  o f  
aluminium i n  i r o n ,
( i i )  i n t e r a c t i o n  betw een  aluminium and oxygen,
( i i i )  sam pling d i f f i c u l t i e s .
( i v )  p e r s i s t a n c e  o f  sm all alumina p a r t i c l e s .
(v )  in a c cu ra c y  o f  a n a ly s i s  a t  low l e v e l s  o f  
aluminium and oxygen.
( v i )  the fo r m a tio n  o f  iro n -a lu m in a  s p i n e l  a t  
low aluminium l e v e l s  r e s u l t i n g  i n  a
lo w er in g  o f  --Al^O^,
i?’or the r e a c t io n  betw een  alumina and carbon a cco rd in g
to  (21+) the d a ta  from e q u a t io n s  '27.1+ {3k)  and L|.. { 1 2 , 1 k )
can be combined to  g iv e
3T.C3 + <Al203 > 2 [ a i ]  + 3 ( 00 1^ . . .  (29)
A G° 9 = 2 7 8 ,3 7 0  -  12 3 ,9 7
lo g  K29 = -  6 1 ,0 6 7  + 2 7 .0 9 5
T
-•6
At 1600° C entigrade K29 = 3 .09 8  x 10
A com parison o f  e q u a t io n s  ( 2 7 .U) and (2 9 )  shov/s the  
d ecrea sed  s t a b i l i t y  o f  alumina a t  a th r ee  phase boundary  
y/here carbon monoxide can be c o n t in u o u s ly  formed and pumped 
away. R e a c t io n  (27) would h a r d ly  be e x p e c te d  to  occu r  under
normal vacuum d e g a ss in g  c o n d i t io n s  where the  c u r re n t  lo w e s t«
a t t a in a b le  oxygen l e v e l s  are about 10 ppm. R e a c t io n  (29)  
i s  more l i k e l y  as the  a c t i v i t y  o f  carbon i n c r e a s e s  and the  
chances o f  bubble fo rm a tio n  im prove.
R e a c t io n  by vapour fo rm a tio n  can a l s o  occur a c co r d in g  
to  (1+0)
I k
-B’e u )  + A1203 U ) —  ^ e u u )  -  . . . t3o ;
2
-9At 1600° G sntigrade K^q = 3 .2  x 10 
1 1
— ■^’2 ^ 3 ( s ) ”""*"” ) *  " ^ ^ ( g )  • * * ( 3 1 )
2 2
At 1600° C entigrade = k  x 10 ^
2F e( l )  + A l2 03 U ) = 2 r 2 F e 0 u )  + ^ ( g )  • . . (32 )
At 1600° S en t ig ra d e  K^p = x 10 ^
These v a lu e s  correspond  to  very  low p a r t i a l  p r e s s u r e s  
of  the vapour s p e c i e s  and the  r e a c t io n s  would not "be 
e x p e cted  to  take p la c e  a t  i n d u s t r i a l  vacua.
2 . 2 .  D i s s o c i a t i o n  o f  s i l i c a .
The e q u i l ib r iu m  c o n s ta n t  f o r  the r e a c t io n  
< S i 02 > [ S i ]  + 2 [o] . . . (33 )
can he found from
<  S i0 2 > ^  S i x + 02 ( g )  . . . ( 3 3 ( a ) )
f o r  which Ramstad and R ichardson (J+l) have g iv e n  
= 2 2 2 ,8 0 0  -  1*7 .6 2  T o a l  mol-1
The f r e e  energy  o f  s o l u t i o n  o f  oxygen  gas i n  l i q u i d  
i r o n  a cco rd in g  to  { 2 6 , 1 2 ,k2 )
7T°2(g) L °3 • • •
has heen  e s t im a te d  as = -  2 8 ,0 0 0  -  0 .6 9  T (2 6 )
and the f r e e  energy  f o r  the s o l u t i o n  o f  s i l i c o n  i n  i r o n  
has h een  found to  he
[ Si'l . . . ( 3 3 ( h ) )
*
A(J°3 ,-d n = -  2 8 ,5 0 0  -  1+.05 T c a l /m o l  (7 )
from d ata  f o r  the r e a c t io n  betw een  s i l i c o n  and oxygen in  
i r o n  under a s i l i c a - s a t u r a t e d  s la g  (U3-U5 ) and the  h e a t  o f  
s o l u t i o n  o f  s i l i c o n  i n  l i q u i d  ir o n  ( 3 8 ).
Hence the f r e e  energy  change f o r  r e a c t i o n  (33 ) i s
1 5
l 0 S K3 3 .1  = l o s
-  ^0 240" +J + 1 1 .5 8
T
found by combining the v a lu e s  f o r  ( 3 3 ( a ) )  ( 1 5 ) and (3 3 (b ) )  
to  g iv e
AG3 3 .1  = 1 3 0 ,300  -  53.00'i?
r M i i o J o
. .  b^SiOo)
By a s im i la r  com bination  o f  f r e e  energy  data  the e q u il ib r iu m  
c o n sta n t  has been  e v a lu a te d  by U-okcen ( 1 2 ) as  
A&3 3 . 2 = 1 2 9 j 440 -  4B.44T c a l /m o l;
lo g  K33>2 = ~ 2 8 *3° °  + 10*59
and by Chipman and G-okcen (4 3 )  as
A o h  ,  = 133,31+0 -  50.37T c a l /m o l;
lo g  K „  ,  = -  2 9 .1 5 0  + 1 1 .0 1
O  rp
The c o n s ta n t  has a l s o  b een  e v a lu a te d  by Chipman and
P i l l a y  (4 4 ) by measurement o f  r a t i o s  i n  e q u i l ib r iu m
w ith  s i l i c a  and s i l i c o n  d i s s o l v e d  i n  l i q u i d  i r o n  to  g iv e
A-G° = 135,91+0 -  51.■'+31' c a l /m o l;
l o g  K3 3 j + = ~ - - 9-’I22 . + 1 1 . 21+
—5
At 1600 C entigrade K3 3 . 1|. = 2 *5 x  10
The d ata  agree r ea so n a b ly  w e l l  b u t . s i n c e  (33*4) has  b een
ob ta in ed  by a more d i r e c t  method, i t  i s  thought to  be the
most a c c u r a te .
For pure i r o n - s i l i e o n - o x y g e n  a l l o y s  i t  i s  found  
e x p e r im e n ta l ly  th a t  the change i n j  ^  w ith  the  s i l i c o n  and 
oxygen c o n te n t s  i s  a lm ost e x a c t l y  b a la n ced  by  the  co rr esp o n d in g  
change i n  f o r  s i l i c o n  c o n c e n tr a t io n s  up to  2 . 0 w/ o ,  i . e .
r W C f n l 2 *  1 = i ^ 5 i ° 2 >
L4 1 J 33 33 [ . 0] 2
/There i s  the apparent e q u i l ib r iu m  c o n s ta n t .
Using e q u a t io n s  3 3 .4  ('44) and .4 (1 2 ,1 4 )  the  f r e e  en ergy
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a v i ^ u u i j j t i n j ' x u i x c  i^ u r c e  p x ia y t;  r e a c t i o n  o e m r /e e i  1 
carbon and s i l i c o n  can be e v a lu a te d ,
< S i 0 2> + 2 [ 0 ] ^ [ S i ]  + 2( 0 0 }, . . . (3k)
^ ^ 3 k  ~ 128 ,520  ~ 71 .61T  c a l /m o l:
•1 y  _ ~ 2 8 ,07 8lo g ----------------------------- „  + i 5 #o5
rp
At 1600° C entigrade K-x) = ^ /0^ -^ j^p
< a s i  o2 >L$°i2 f
2 85 ^ 5 6
■fc’or t h i s  r e a c t io n  Kirkwood, ifuv/a and Chipman (93 )  ^obtained  
AO° = 131 , l }.00 -  73*k'l-' (K = 5 .1 )  by e q u i l i b r a t i n g  s i l i c a  
w ith  carbon d i s s o l v e d  i n  l i q u i d  ir o n .
The g a seou s  s p e c i e s  SiO i s  f a i r l y  v o l a t i l e
[ S i ]  4- [ o l  ^  [ s i o ]  . . . (35)
A'G35 = 2 0 ,9 0 0  -  k . 3 2 T
At l 600° C entigrade KVJ- =       -• iu 9  x 10
At low s i l i c o n  c o n te n t s  t h i s  r e a c t io n  w i l l  be n e g l ig a b le  
but a t  o . o l $  oxygen the e q u il ib r iu m  s i l i c o n  c o n c e n tr a t io n
/
i s  0 .3 $  g iv in g  = 0 ,1 5  t o r r ,  Thus i f  the p r e ssu r e
i s  low ered  beyond t h i s  v a lu e ,  s i l i c o n  and oxygen v / i l l  be 
c o n t in u o u s ly  removed from -th e  m elt  and c o r r o s io n  o f  the  
c r u c ib le  w i l l  occu r .
At a th ree  phase boundary and i n  the x^resence o f  carbon  
the r e a c t io n  becomes
{ ’s i 02 > + [ c ]  ^  { c o \  + { SiO j^ . . . (.3 6 )
and by combining e q u a t io n s  ( 3 3 ) ,  ( 3 5 ) ana (I}.) the
e q u il ib r iu m  c o n s ta n t  can be found.
At 1600° C entigrade = 5 .3 2  x 10~^
R e a c t io n  (36) would, t h e r e f o r e ,  seem more l i k e l y  to  
occur than  r e a c t io n  ( 3 3 ) but k i n e t i c s  w i l l  be more fa v o u r a b le  
f o r  the l a t t e r  because  o f  the g r e a t l y  in c r e a s e d  a rea  f o r
17
From the f o r e g o in g  r e a c t io n s  in v o lv in g  s i l i c a  i t  i s  . 
apparent th a t  a l l  fo u r  ( 33- 3 6 ) are p o s s i b l e  under normal 
vacuum d e g a ss in g  c o n d i t io n s .  For in s ta n c e  by r e a c t io n  (33)  
a t  10 ppm oxygen and f o r  pare s i l i c a  the s i l i c o n  c o n te n t  
would have to  in c r e a s e  to  25% b e fo r e  e q u i l ib r iu m  c o u ld  be 
a t t a in e d .  S im i la r ly  r e a c t io n s  (35 ) and (3b) are l i k e l y  to  
occur e s p e c i a l l y  a t  the su r fa c e  o f  the m elt  where th e r e  i s  
c o n ta c t  w ith  the c r u c ib le  and with h igh  carbon c o n t e n t s .  
However, s in c e  the l im i t e d  data  has so  f a r  shown a 
dependence o f  the* r a te  upon the square o f  the  c r u c ib l e  
d ia m eter , i t  i s  l i k e l y  th a t  most c r u c ib le  c o r r o s io n  o ccu rs  
by r e a c t i o n  ( 3 3 ) f o l lo w e d  by (U) ,  i . e .  d i s s o c i a t i o n  o f  the  
s i l i c a  to  oxygen and s i l i c o n  i n  s o l u t i o n ,  fo l lo w e d  by  
r e a c t i o n  o f  the  oxygen w ith  carbon to  form carbon m onoxide.
2*3. D i s s o c i a t i on o f  m agn esia .
Chipman (23) g i v e s  f r e e  energy  data  f o r  the r e a c t i o n  
b,igO>^== + i { ° 2 i  . . .  (37 )
as = m , 730 -  4 9 .0 9  T
Magnesium has o n ly  a l im i t e d  s o l u b i l i t y  i n  ir o n  and the  
s t a b i l i t y  o f  i t s  ox id e  can be found by com bining e q u a t io n  
3 7 ' w ith  e q u a t io n  15 ( 2 6 ) f o r  the s o l u t i o n  o f  oxygen
i n  l i q u i d  ir o n  to  g iv e
^MgO> ^ - [ n g ^  + [ o }  . . . (38)
A qO = 1^6,750  -  W .7 8  T
, pa* t -o
l o g  K33 -  i ° g  -------
-aMgo
from which i t  can be d e r iv e d  th a t  a t  1600° C en tigrad e  
= 5 .0  X 10
E quations (4 )  and (36) can be combined to  g iv e  the  r e a c t i o n
L £




{ g o }  . . . ( 3 9 )
T
— Ij.
which a t  1600° C entigrade g i v e s  K39 = 2 .2 2  x 10
A ccording to  e q u a t io n  (38) f o r  an oxygen c o n te n t  o f  
10 ppm the r e a c t io n  w i l l  o n ly  occur i f  the p r e ssu r e  f a l l s  
"below about 0 .5  t o r r .  i ’or h ig h er  oxygen l e v e l s  the  
d i s s o c i a t i o n  p r o c e s s  becomes i n c r e a s i n g l y  l e s s  l i k e l y .
o f  magnesium and carbon monoxide a t  the su rfa c e  the  p r e ssu r e  
needs o n ly  to  be low ered  to  about 20 to r r  f o r  the r e a c t i o n  
to  commence. iter a 0.1?i£l s t e e l ,  the c r i t i c a l  p r e s su r e  i s  
low ered  to  approx im ate ly  7 t o r r .
2 .U . Complex o x i d e s .
2 . 4 . 1 .  Double ox ide  fo rm a tio n  w ith  s i l i c a .
In  p r a c t i c e ,  s i l i c a  may be bonded w ith  m agnesia as  
f o r s t e r i t e  (Mg^SiO^) and w ith  alumina as m u l l i t e  
(3A l2 03 .2 S i 0 2 )
For f o r s t e r i t e  (2MgO.SiOp)
The f r e e  energy  change f o r  the  fo rm a tio n  o f  f o r s t e r i t e  
has been  g iv e n  by R ichardson and J e f f e s  (U6 ) up to  li+30° 
C entigrade and as a f i r s t  approxim ation  the  r e l a t i o n s h i p  
may a l s o  be a p p l ie d  up to  1600° C e n tig ra d e .
The f r e e  energy  change f o r  the  d i s s o c i a t i o n  o f  f o r s t e r i t e
to  s i l i c o n  and oxygen i n  s o l u t i o n  i n  i r o n  can now be found  
by combining e q u a t io n s  {kO) and (3 3 )  r e s u l t i n g  i n
V /For ir o n  c o n ta in in g  1 / o  C and assuming eq u a l p a r t i a l  p r e s s u r e s
2Mg0 + S i 0 2  LiggSiO^ . . .  (Aj-0)
(ASSqn was found to  
\G?0 = - 1 5 ,1 2 0  -  0 . 01' (4 6 ) X0 . 4  ±  0 . 6  o a l / ° )
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A a ^  = X 5 i,o 6 o  -  5 1 . 1*5 t
-  3 3 ,0 3 0  
lo g  K. . = ± 7 .,,... + 1 1 .2 5
H--i> rp
At 1600° C entigrad e  K^ q = 4 .0 7  x 10
Pure f o r s t e r i t e ,  t h e r e f o r e ,  i n  c o n ta c t  w ith  l i q u i d  
i r o n  c o n ta in in g  10 ppm oxygen would d i s s o c i a t e  i f  the  
s i l i c o n  c o n c e n tr a t io n  was helow  ahout 0 . 4%
S ch n eid er  and Hesse (47 ) have measured the magnesium 
p r e s s u r e s  i n  the e q u i l ib r iu m
hy an entra inm ent tech n iq u e  and have i d e n t i f i e d  the  
f o r s t e r i t e  hy X -r a y s .  T heir  r e s u l t s ,  however, le a d  to  
v a lu e s  f o r  the f r e e  energy  o f  fo rm a tio n  o f  f o r s t e r i t e  which
and i t  i s  c o n s id e r e d  th a t  more r e l ia n c e  sh ou ld  he p la c e d  on 
the  v a lu e s  g iv e n  i n  e q u a t io n  (4 0 ) s in c e  th e s e  are determ ined  
hy m easuring the  h e a t  o f  s o l u t i o n  o f  Mg(0H)g and SiO^ i n  
20% HP which i s  c o n s id e r e d  a more a ccu ra te  te c h n iq u e .
For m u l l i t e  O A lpO ^^SiO g)
Free energy  d a ta  i s  a v a i la b le  f o r  the fo rm a tio n  o f  the  
a l u m i n o s i l i c a t e s  a n d a lu s i t e  and kjjanite (A lgO ^ .S i0 2 ) h u t
not f o r  m u l l i t e .  However, i t  i s  known th a t  f o r  pure m u l l i t e  
the  a c t i v i t y  o f  s i l i c a  i s  0 . 4 2 , ( 4 8 ) a lth ou g h  when m u l l i t e  
and s i l i c a  are p r e se n t  to g e th e r  i n  a c r u c i b l e  the  a c t i v i t y  
o f  s i l i c a  i n  the m u l l i t e  i s  l e s s  than t h i s  a t  low s i l i c a  
l e v e l s  and g r e a te r  a t  h ig h  s i l i c a  c o n c e n tr a t io n s .
Hence f o r  the r e a c t io n
4MgO + Si “ + MggSiO^ (42)
are ap p rox im ate ly  double th o se  recommended by  R ichardson  (46 )
(3 3 )
2 . 5  x  10- 5
K33 “ <fss i o2 >
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wnere th e  s i l i c a  i s  bonded. as  m u l l i t e
s r  = [Si][o]2 = 2 .5  x 1 0 -5  x  0>1+2 _ X.Q5 x  xq~5 # c . ^ 3 ) 
M u ll i t e ,  t h e r e f o r e ,  i s  r e l a t i v e l y  u n s ta b le  and would be 
e x p e c te d  to  d i s s o c i a t e  i f  the oxygen and s i l i c o n  l e v e l s  are  
s u f f i c i e n t l y  low ,
2 . k ♦2 . Double ox id e  fo rm a tio n  w ith  ir o n  o x id e .
Oxygen a r i s in g  from d i s s o l u t i o n  o f  the c r u c ib le  may, a t  
low carbon c o n t e n t s ,  r e a c t  w ith  the c r u c ib le  to  form a 
double o x id e .
FeO -  MgO
FeO i s  s o lu b le  i n  MgO, s e t t i n g  up the  e q u i l ib r iu m  (1+0)
Fe + [ 0 ] 5 = ^ .  (FeO) Hg0 . . . (44)
The fo rm a tio n  o f  FeO can  thu s a c t  as a s in k  f o r  oxygen and 
i f  ape Q and are i n  e q u i l ib r iu m  any in c r e a s e  i n  the
oxygen c o n c e n tr a t io n  o f  the  m elt by  f u r t h e r  c r u c ib le  
d e c o m p o sit io n  w i l l  l e a d  to  a h ig h e r  a c t i v i t y  o f  i r o n  o x id e  
i n  the  c r u c i b l e .
FeO -  a12 °3
Oxygen, a r i s i n g  from d i s s o c i a t i o n  o f  the c r u c i b l e  can  
r e a c t  v/ith  alumina o n ly  when i t s  c o n c e n tr a t io n  i s  s u f f i c i e n t l y  
h ig h  to  form h e r c y n ite  ( 1+0 ) by the  r e a c t i o n
Fe^x) + [ 0 ]  + <fAl203 ) ^  (F e 0 .A l20 3 )  . . . (45)
Kk5  = 1 2 .6 7  (40 )
The oxygen p o t e n t i a l  / o '  t i s  0 .0 7 9  , 
which co rresp on d s t o  an oxygen c o n c e n tr a t io n  o f  0 . 0 &2?o 
u s in g  l o g J *0 = —0 .2 0  [%o] ( 2b ) .
Such h ig h  oxygen c o n c e n tr a t io n s  are met w ith  i n  
s tee lm a k in g  a t  very  low carbon l e v e l s  and w ith  ^ CQ =
1 atm osphere, and o n ly  under th e s e  c o n d i t io n s  i s  th e  
fo rm a tio n  o f  h e r c y n i t e  a t  a l l  l i k e l y .
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Jtreu -  SlUg
For th e  r e a c t io n
2Fe + 0^ + ^-^2 • ♦ • (U 6 .1 )
R ichardson (U6) d e term in es  the  f r e e  energy  change as  
A g £ 6 i  = -  13 5 ,300  + 3k.  k  T
(298-1478°R )
which, on the  assum ption  th a t  t h i s  v a lu e  i s  s t i l l  approx­
im a te ly  v a l id  a t  1600° Centigrade and when combined w ith  
e q u a t io n  ( 1 5 ) f o r  the  f r e e  energy  o f  s o l u t i o n  o f  oxygen i n
l i q u i d  ir o n ,  g iv e s
2Fe + 2[o] + Si09^  Fe2SiO|+ * * . (1*6.2)
k b . 2 = ~ 7 9 ,3 0 0  + 35-78  f
l 0 s  \ g . 2  = —j l -  -  7.819
At 1600° C entigrade  = 2 7 *29
R ichardson and J e f f e s  {kb)  a l s o  g iv e  f r e e  en e rg y  d a ta  
f o r  the r e a c t io n
xFe + Fe0,x)O + i^0 2 5E==^  FeSiO^ . . » (i+7)
• = “ 2 8 ,0 0 0  c a l s
U873°K)
was c a lc u la t e d  f o r  the  fo rm a tio n  o f  l i q u i d  FeSiO^
tt
from l i q u i d  w u s t i t e ,  l i q u i d  ir o n  and l i q u i d  s i l i c a ,  from
ii
the a c t i v i t i e s  o f  s i l i c a  and w u s t i t e  c o rresp o n d in g  to  the  
co m p o s it io n  FeSiO^*
From t h i s  d a ta  K^y = 1,85U  a t  1600° C entigrade*—
The v a lu e  f o r  K^y shows th a t  the fo r m a tio n  o f  
FeO -  SiO^ p h ases  i s  l i k e l y  f o r  c o m p a r a t iv e ly  low oxygen  
l e v e l s *
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II  KINETICS.
In the  p r a c t i c a l  a p p l i c a t io n  o f  vacuum p r o c e s s e s  the  
e q u il ib r iu m  betw een  gas p h a se , c r u c ib le  and m e lt ,  as  a lr e a d y  
m entioned, o f t e n  cannot be r e a d i l y  a t t a in e d .  O peration  i s  
u s u a l l y  c a r r ie d  o u t ,  t h e r e f o r e ,  i n  a r e g io n  where the  s t a t e  
of the m elt  i s  determ ined by the speed o f  r e a c t i o n s  ta k in g
p la c e .
1 . K in e t ic  Theory.
1*1* Homogeneous Chemical R e a c t io n .
The th e o r y  of a b s o lu te  r e a c t io n  r a t e s  d e v e lo p ed  by  
'Byring (U 9 ,50) and d i s c u s s e d  i n  some d e t a i l  by Darken and 
G-urry (51 )  p r o v id e s  the e s t im a te d  r a te  f o r  -a ch em ica l  
r e a c t io n .  I t  i s  shown by hiwa and Shim oji (52)' th a t  i f  the  
r a te  f o r  the  carb on /oxygen  r e a c t io n  were c o n t r o l l e d  by a 
homogeneous p r o c e s s  the r a te  o f  the r e a c t io n  would be 
approx im ate ly
RT AH[_ y 
itti e*P' RT 1600
T
where C°] and [ 0 ] are w/ o  d i s s o lv e d  i n  l i q u i d  i r o n
R ss gas c o n s ta n t
T = a b so lu te  tem perature
N •= Avogadro1 s number
h = P la n ck 1s c o n s ta n t
AHt = a c t i v a t i o n  energy
T his i s  d e r iv e d  from the  g e n e r a l  s ta tem en t by  Darken
(51) -  R e a c t io n  r a te
. . . (1+9)
p u t t in g  T 2= 2000°K and A h f  — 28 K c a l  (5 3 )  th e  e s t im a te d
change i n  the  carbon-oxygen  product i s  foanci to
dt
■be 107 w/ o  per  hour.
i s  found to
T his  res 'u lt  i s  much to o  la r g e  compared w ith  o b serv ed
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v a lu e s  of* 0*12 -  0*18% C per  hour f o r  BoH p r a c t i c e  (54)*
The same c o n c lu s io n  has heen  o b ta in ed  hy Darken (51)
r ea c h in g  a r a te  of* ~ 4  x 10 / o  per  hour
dt
o r . f o r  [ 0 ]  = -04  w/ o ,  10^% C per  hour. T h is  h ig h  r a te
s u g g e s t s  th a t  the su r fa c e  i s  r a p id ly  d e p le te d  o f  the  m in o r ity  
r e a c ta n t  ( g e n e r a l ly  oxygen) and th a t  the r a te  c o n t r o l l i n g  
s te p  i n  the  o v e r a l l  r e a c t i o n  i s  probab ly  dependant on the  
r a te  o f  d i f f u s i o n  o f  the  m in o r ity  s p e c i e s  (55)®
I t  i s  to  he n oted  th a t  the r a te  o f  homogeneous r e a c t i o n  
i s  not dependent on the  h a th  s i z e  as shown i n  e q u a t io n  ( 4 8 ) .  
However, i n  the c a se  o f  the h e tero g en eo u s  r e a c t i o n ,  the  h a th  
s i z e  g i v e s  an in v e r s e  e f f e c t  on the f a t e ,  an e f f e c t  which i s  
confirm ed by p r a c t i c a l  o b s e r v a t io n s .
1 . 2 .  Mass T ran sfer  i n  the  Oas P hase.
Due to  the  low p r e s s u r e s  and h ig h  tem p eratu res  o f  the  
g a s /m e ta l  in t e r f a c e  d u rin g  vacuum r e f i n i n g  g a seo u s  d i f f u s i o n  
c o e f f i c i e n t s  w i l l  he v e ry  l a r g e ,  k i n e t i c  th e o r y  g i v e s
» = 3  ) . . .  (50)
where A  = mean f r e e  path
~ = mean m o lecu la r  speed  o f  a m o lecu le  i n  the  
gas p h ase .
which f o r  CO g iv e s
-8 #D = 2 x 10 x  „  .
P
o - 2 - 1so th a t  i f  P = 0 ,0 1  atmos. and f  = 1500 K, D = 0 . 1  cm sec
T his v a lu e  i s  much g r e a te r  thaq e i t h e r  carbon or oxygen i n
_c; p ~1
l i q u i d  i r o n  (3 )  which are about 7 -  10 x 10 cm se c  . 
C on v ective  tu rb u len ce  w i l l  a l s o  be h ig h  i n  the  g a s  phase  
under c o n d i t io n s  where the  gas i s  b e in g  c o n t i n u a l l y  removed 
and la r g e  tem perature g r a d ie n t s  e x i s t .  C on seq u en tly  i t  i s  
u n l ik e l y  th a t  the  r a te  o f  the  C/0 r e a c t io n  i s  l i m i t e d  by
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u.xxi utjj.uij. ui wu fctwci^  x a'uju out; gas/me bcix i n o e r i a c e .
1 . 3 .  D i f f u s io n  and C on vection  i n  k l u i d s . ( 56)
1 . 3 . 1 .  G eneral Theory.
D i f f u s io n  i n  l i q u i d s  i s  e s s e n t i a l l y  the  same p r o c e s s  
as i n  s o l i d s  and can  he d e sc r ib e d  hy k i c k ' s  laws
** = ~ D 3 x  k i c k ' s  f i r s t  law . . * ( 5 1 )
■« 2 r*and —  = D*^ k i c k ' s  second law  . . . (52)
d t
where J = f l u x  o f  m a te r ia l  ( u s u a l ly  i n  m oles/sec /sq .err)
C = c o n c e n tr a t io n  (m o le s /c c )
= le n g th  (cm)
D = p r o p o r t i o n a l i t y  c o n s t a n t , p d i f f u s i v i t y  or
d i f f u s i o n  c o e f f i c i e n t  (cm / s e c )
S t r i c t l y ,  the  d r iv in g  f o r c e  f o r  d i f f u s i o n  i s  n o t  a 
d i f f e r e n c e  i n  c o n c e n tr a t io n  (Jc), hut a d i f f e r e n c e  i n  
ch em ica l p o t e n t i a l  ( 5 7 - 5 9 ) .  Thus, i f  c o n c e n tr a t io n s ,  and 
n ot a c t i v i t i e s  are used to  measure such d i f f e r e n c e s ,  i t  i s  
im p lie d  th a t  D in c lu d e s  an a c t i v i t y  c o e f f i c i e n t  term and i t  
can he e x p e c te d  t h a t  D w i l l  he a f u n c t io n  o f  c o n c e n tr a t io n ,  
an e x p e c t a t io n  confirm ed hy experim ent ( 5 1 ) .
In  l i q u i d s  c o n v e c t io n  i s  u s u a l ly  a more im portant  
tr a n sp o r t  p r o c e s s  than d i f f u s i o n  and s in c e  th e y  cannot  
s u s t a in  a sh eer  f o r c e ,  hu lk  movements o f  la r g e  groups o f  
m o le c u le s  become p o s s i b l e ,  e . g . : -  u n ifo rm ity  a c h ie v e d  hy  
m echanica l s t i r r i n g ,  in d u c t io n  or gas b u b b lin g .
When the f lo w  o f a f l u i d  i s  s tr e a m lin e  or v i s c o u s ,  
m olecu la r  d i f f u s i o n  s t i l l  a cco u n ts  f o r  mass tr a n s p o r t  i n  
a d i r e c t i o n  p e r p e n d ic u la r  to  the  f lo w ,  hu t i n  the  d i r e c t i o n  
o f  f lo w  th e re  i s  the  a d d i t io n a l  hu lk  movement o f  th e  f l u i d  
to  a id  t r a n s p o r t .  The t o t a l  f l u x  o f  m a te r ia l  i n  a d i r e c t i o n  
i s  th en  g iv e n  hy
j = - A l l  + vx. c • • • (.53) 
where v^ i s  the  component o f  f l u i d  v e l o c i t y  i n  th e  d i r e c t i o n ,
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in. tu r o u ie n t  rjLow, an a d d i t io n a l  mechanism of' tr a n sp o r t  
"becomes o p e r a t iv e ,  tu r b u le n t  or eddy d i f f u s i o n ,  which i s  a 
more rap id  p r o c e s s  than  normal m o lecu la r  d i f f u s io n *  Though 
i t  i s  d i f f i c u l t  to  se p a r a te  the  v a r io u s  c o n t r ib u t io n s  to  
t r a n sp o r t  th e y  are norm ally  assumed to  be a d d i t iv e  and the  
t o t a l  f l u x  i n  the d i r e c t i o n  i s  th e r e f o r e ;
J  =  " D  +  v * °  -  E f e  • • • 15**)
where 13 = c o e f f i c i e n t  o f  eddy d i f f u s i o n .
The s im p le s t  p r a c t i c a l  c a se  i s  th a t  o f  a f l u i d  /moving 
p a s t  a s o l i d  s u r f a c e ,  such as the  washing o f  l i q u i d  s t e e l  
or s la g  a g a in s t  the r e f r a c t o r y  o f  l a d l e s  .or fu r n a c e s .  S ince  
the  l i q u i d  cannot s u s t a i n  a shear , the  f r i c t i o n a l  f o r c e s  
p rev en t any movement o f  the la y e r  o f  l i q u i d  m o le c u le s  r ig h t  
a t  the boundary. The v e l o c i t y  g r a d u a l ly  in c r e a s e s  w ith  
d is ta n c e  from the boundary u n t i l  i t  rea ch es  the  bu lk  v e l o c i t y  
(F igu re  1 7 ) .  The va lu e  o f  Sy i s  shown to  in c r e a s e  as the  
d is ta n c e  a lon g  the  f l a t  su r fa c e  (y )  in c r e a s e s  and as a 
consequence the  d i f f u s i o n  r a te  i n  the x> d i r e c t i o n  d e c r e a s e s .
i'or the s o l u t i o n  o f  the  s o l i d  i n  the l i q u i d :  i f  
c o n d i t io n s  i n  the f l u i d  bu lk  are s t a t i c  th en  d i f f u s i o n  o f  
the  s o lu te  occu rs  away from the  boundary, the  c o n c e n tr a t io n  
g r a d ie n t  g r a d u a l ly  d e c r e a s in g  w ith time and s lo w in g  down 
the  r a te  o f  s o l u t i o n ,  vi/hen the  l i q u i d  i s  i n  s tr e a m lin e  
f lo w ,  d i s s o l v e d  m a te r ia l  i s  c o n t in u a l ly  swept away p a r a l l e l  
to  the su r fa c e  so  th a t  the c o n c e n tr a t io n  g r a d ie n t  
p e r p e n d ic u la r  to  the su r fa c e  ( Xj d i r e c t i o n )  i s  m arkedly  
steep en ed  and the r a te  o f  s o l u t i o n  i s  in c r e a s e d .  In  
tu r b u le n t  f lo w ,  eddy d i f f u s i o n  f u r t h e r  in c r e a s e s  the  r a te  
o f  s o l u t i o n ,  s in c e  th ere  i s  t h i s  a d d i t io n a l  mechanism f o r  
movement o f  s o lu t e  away from the phase boundary. These l a t t e r  
two c a s e s  r e p r e s e n t  the c o n d i t io n s  a p p ly in g  to  an in d u c t io n
2b
s t i r r e d  b ath  where no DUDDies are rormea, ana a v io±enbj.ty 
b u b b lin g  bath  r e s p e c t iv e ly *
1 .3 * 2 .  Boundary Layer Theory.
Por s tr ea m lin e  f lo w ,  i n  fo r c e d  c o n v e c t io n ,  p a s t  a 
f l a t  p l a t e ,  Barken (56 )  has g iv e n  the  v e l o c i t y  boundary  
la y e r  t h ic k n e s s  as b e in g
jhv = lie 2 . . . (55 )
y
where y = d is ta n c e  i n  the f lo w  d i r e c t i o n  from the  
l e a d in g  edge o f  the p l a t e
Re = R ey n o ld 's  number f o r  *the bu lk  flow*
A s im i la r  e q u a t io n  has a l s o  been  used  to  g iv e  an 
approximate v a lu e  f o r  the boundary la y e r  on the s u r fa c e  o f  
GO b u b b les  ( 5 2 )
f *  — « (56)
V^e
where Re =
f  = d e n s i t y  o f  l i q u i d  ir o n
r = r a d iu s  o f  b u b b le .
= v i s c o s i t y  c o e f f i c i e n t  
^ o f  l i q u i d  ir o n .
v = v e l o c i t y  o f  bubble and bu lk  l i q u i d .
P u tt in g  i n  v a lu e s  o f V - > l  c m /sec ,  rB3rlcm , R ^  10^,
—2= 7 gm/cc  and ^  = 10*“ p o i s e ,  th e  t h ic k n e s s  o f  the  su r fa c e  
l a y e r  o f  a gas sphere can be c a l c u l a t e d  as  b e in g  0 .0 3  era 
which i s  a v a lu e  t e n  t im es t h a t  g iv e n  by Barken (54)*
I f  the p l a t e  i s  s o lu b le  i n  the  f l u i d  a c o n c e n tr a t io n  
g r a d ie n t  w i l l - be s e t  up. The c o n c e n tr a t io n  or d i f f u s i o n  
boundary la y e r  t h i c k n e s s F  , does not n e c e s s a r i l y  have the  
same va lu e  as th a t  o f  the v e l o c i t y  boundary l a y e r .
The c a lc u la t e d  th ic k n e s s  i s  g iv e n  by the  e q u a t io n
3c. s  k . S k  R e ^ .S  ~3 . .  . ( 5 7 )
y
v/here Sq = Schmidt number = ^ w ith  B the  d i f f u s i o n  
c o e f f i c i e n t  o f  the  s o lu t e  i n  the  f l u i d .
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The c l i f f u s io n  boundary la y e r  t h i c k n e s s 5 t h e r e f o r e ,  depends 
on the f lo w  c o n d i t io n s  s p e c i f i e d  hy .Reynold* s number and i s  
sm a lle r  f o r  h ig h  v e l o c i t i e s  and low v i s c o s i t i e s ;  i t  a l s o  
d e c r e a s e s  w ith  d e c r e a s in g  v a lu e s  o f  D.
In  the c a se  o f  a f l a t  p l a t e  £ in c r e a s e s  w ith  d i s ta n c eV
from the le a d in g  ed g e . In  the c a se  o f  s t e e l  i n  c o n t a c t  
w ith  r e f r a c t o r y  f  w i l l  vary  from p o in t  to  p o in t  over  theV
phase boundary, so th a t  some average v a lu e  has to  be 
s p e c i f i e d .
For mass t r a n s f e r  c a l c u l a t i o n s  the a c tu a l  boundary  
la y e r  t h ic k n e s s  i s  n o t  so  u s e f u l  as i t s  e f f e c t i v e  v a lu e .  
T h is i s  th a t  v a lu e  which would r e s u l t  i n  the same f l u x  i f  
o n ly  m o lecu la r  d i f f u s i o n  were o p e r a t iv e .  F igu re  18 shows 
s c h e m a t ic a l ly  the  c o n c e n tr a t io n  changes which occu r  when . 
f l u i d  f lo w s  p a s t  a s o l i d  in  a s tr e a m lin e  manner.
The e f f e c t i v e  boundary la y e r  th ic k n e s s  c) i s  d e f in e d
88 <- Ob
Tc
<• cp -  c B
0 = T U T  . . . (58)
_ tiXsJXr 0
where Cg and are the phase -boundary and bu lk  c o n c e n t r a t io n s  
r e s p e c t i v e l y .
The r a te  o f  s o l u t i o n  can be c a l c u l a t e d  from e q u a t io n  
( 5 3 ) ,  but ~ 0 a t X  = 0 .  Thus
J  =  _ D f  ]  . . .  ( 5 9 )
A*!, ~u ”%= o
T h is  r e s u l t  a l s o  a p p l ie s  to  tu r b u le n t  f lo w  c o n d i t i o n s ,  s in c e  
the f lo w  must become s tr ea m lin e  v e ry  c l o s e  to  the  boundary  
and th e re  i s ,  t h e r e f o r e ,  no eddy d i f f u s i o n  i n  t h i s  r e g io n .  
Combining the l a s t  two e q u a t io n s  we have
J = D <°8 " °b> . . .  (60 )
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m i s  i s  ■one most. u s e f u l  e x p r e s s io n  f o r  mass ’tr a n sp o r t  to  
and from a f l u i d - s o l i d  boundary,,
£or the  c a se  o f  the f l a t  p l a t e  & ^ /3 ^  and so  fromc
eq.uation (57)
<* J_ ik ’
o = 3 .09  R '~2.S  “ 3 e .  c (61)
y
The dependence o f  §  on R and w i l l  not be the same f o rs c
tu r b u le n t  f lo w  and g e n e r a l ly  somewhat la r g e r  v a lu e s  f o r  R 
may be e x p e c te d .
Using Re = 10^5 , v  = 10 cm /sec  and D = 1 x  lO ^'cm ^/sec
and a p p ly in g  e q u a t io n  ( 6 l )
0 ^  .00 2  cm
T h is v a lu e  i s  i n  accordance w ith  ex p er im en ta l e v id e n c e  and
th o se  d e r iv e d  by o th er  te c h n iq u e s  ( 5 2 ,6 0 ) .  R id d ifo r d  ( 6 l )  has
shown th a t  has an exponential: dependence upon tem p era tu re ,
n  _  a  .
"1 ~ ^  • * • C62)
LlE + Ewhere E /£\ = D_______ V_ Tor lam inar f lo w
W  6
and E /^  = 2Ep + E^ . f lo w
b )  3
E^ = a c t i v a t i o n  energy  f o r - d i f f u s i o n  o f
r a te  c o n t r o l l i n g  component i n  the  m e l t .
Ey = a c t i v a t i o n  energy  f o r  v i s c o u s  f lo w  i n
m olten  m e ta l .
Sharma and Ward (62) used  t h i s  th e o ry  to  e x p l a in  the  
tem perature dependence o f  the  r a te  c o n s ta n t  i n  th e  r e d u c t io n
4
o f  s i l i c a  i n  Ee -  C m e l t s .
A d isa d v a n ta g e  o f  the  th e o r y  i s  the d i f f i c u l t y
a s s o c ia t e d  w ith  the  c a l c u l a t i o n  o f  $ . In most c a s e s  o f
p r a c t i c a l  i n t e r e s t  i t  can o n ly  be e s t im a te d .  King (5 5 )  
p o in t s  out th a t  S i s  a f u n c t io n  o f  the d i f f u s i o n  c o e f f i c i e n t
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tuiu. ujie u e g r e e  ux u u i i v e u o i v e  K i/±rr .u ig  D e in g  .L arger  i o r
l a r g e r  v a lu e s  o f  1) and sm a lle r  trie h ig h e r  the  f lo w  
v e l o c i t y  o f  c o n v e c t iv e  c u r r e n ts  p a s t  the  boundary.
1.3.3* Surface Renewal theory. (63)
In  t h i s  model the  id e a  o f  a s t a t i c  boundary la y e r  i s
r e j e c t e d  and tu rb u len ce  i s  c o n s id e r e d  to  e x i s t  to  the
s u r fa c e .  Volumes o f  the l i q u i d  are c o n t i n u a l l y  b e in g
brought i n t o  and out o f  c o n ta c t  w ith  t h i s  su r fa c e  and
tr a n sp o r t  occu rs by  a p r o c e s s  o f  u n stea d y  s t a t e  d i f f u s i o n .
A param eter ‘ S’ "the su r fa c e  renewal fa c to r "  i s  in tr o d u c e d  
and, i n  so f a r  as i t  a f u n c t io n  o f  the  c o n v e c t iv e
tu r b u le n c e ,  ta k e s  over the  r o le  o f  S’ i n  th e  boundary la y e r
th e o r y .
I f  th ere  i s  no r e s i s t a n c e  to  t r a n s f e r  a t  the su r fa c e  
i . e .  in s ta n ta n e o u s  e q u i l ib r iu m  betw een su r fa c e  c o n c e n tr a t io n s  
and g a s ,  th en  the th e o r y  p r e d i c t s  th a t  the r a te  o f  mass 
t r a n s f e r  from m elt to  gas i s  g iv e n .b y
l i q u i d  and C i s  the  e q u i l ib r iu m  c o n c e n tr a t io n  a t  the  
g a s /m e ta l  i n t e r f a c e  and S i s  the su r fa c e  renew al f a c t o r ,  
eq u a l to  the  f r a c t i o n a l  r a te  o f  renew al a t  the  s u r f a c e .  
Danckwerts (63 ) ex tend ed  the th e o ry  to  the c a se  where, th e r e  
i s  r e s i s t a n c e  to  t r a n s f e r  a t  the su r fa c e  and a l o c a l  
e q u il ib r iu m  does not e x i s t  and conclu ded  t h a t  the  r a te  o f  
• t r a n s fe r  i n  t h i s  c a se  i s  g iv e n  by
Rate = An*m * tDS) 2 (CL -  C ) gm ' b e ' (63)
where C, i s  the  bu lk  c o n c e n tr a t io n  o f  the  s o lu t e  i n  theb
Rate A (Cb -  Ce ) 1610
where k i s  a c o n sta n t
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1.3.J+. C on vective  Flow Model
T his th e o ry  d e v ia t e s  from Danckwert’ s s t a t i s t i c a l  
approach o n ly  in  th a t  e x p r e s s io n s  are determ ined f o r  S.
Bat b a s i c a l l y  th ey  are the same models o f  s a r fa c e  renew al  
r e j e c t i n g  the  p r in c ip l e  o f  a s t a t i c  boundary la y e r .  I n s te a d  
a f lo w  la y e r  i s  e n v isa g e d  w i t h in  which f lo w  v e l o c i t y  i s  
in v a r ie n t  w ith  depth and i s  p a r a l l e l  to  th e  s a r f a c e .
Carbon and oxygen are in tr o d u ce d  to  the  la y e r  by c o n v e c t io n .  
Transport to  the  sa r fa c e  th e n  ta k e s  p la c e  by d i f f u s i o n  o n ly .
M achlin’ s model i s  r e s t r i c t e d  to  an i n d u c t i v e l y  s t i r r e d  
c y l i n d r i c a l  b a th . I t  i s  assumed th a t  under th e s e  c o n d i t io n s  
the  r i g i d  f lo w  model (F igu re  19) (65) can be a p p l ie d .
In t h i s  model the  l i q u i d  w i th in  the su r fa c e  la y e r  moves
to  the  su r fa c e  and i n  a d i r e c t i o n  r a d i a l l y  outwards from  
the  c e n t r e .  Thus an e lem en t appears a t  the  c e n t r e ,  d i s c h a r g e s  
i t s  c o n te n t s  by d i f f u s i o n  as i t  f lo w s  a c r o s s  the su r fa c e  and 
i s  th en  mixed in t o  the bu lk  a t  the boundary. The ’ d w e l l  t im e 1 
i s  the  time taken  by the e lem ent to  f lo w  from the  c e n tr e  to  
the  edge o f  the  m elt s u r f a c e .
On t h i s  b a s i s  M achlin d e r iv e d  the e q u a t io n
1»3«U«1* M achlin1s R ig id  f lo w  model (6U)
i n  s tr e a m lin e  f lo w  w ith  no v e l o c i t y  g r a d ie n t  p e r p e n d ic u la r
(65)
where v  
r
v e l o c i t y  o f  su r fa c e  la y e r .
ra d iu s  o f  c r u c ib le  or su r fa c e  la y e r
h
D
h e ig h t  o f  m eta l b a th ,  
d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e .
v/hich i s  e q u iv a le n t  to
dn
dt
•  # (66)
where the  mass . tra n sfe r  c o e f f i c i e n t
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and Agm = area o f  g a s /m e ta l  in t e r f a c e
1 .3 .4 * 2 .  Free C on vection  Model -  Krauts ( 6 0 )
T h is  model c o n s id e r s  n a tu r a l  c o n v e c t io n  caused  hy  
mass and h e a t  l o s s e s  from the g a s /m e ta l  i n t e r f a c e .  Other­
w ise  the  t r a n s f e r  mechanism i s  the  same as i n  th e  Tr i g i d  
f lo w  m odel1 (1'igure 1 9 ) .
The boundary c o n d i t io n s  f o r  s o l u t i o n  o f  the d i f f u s i o n  
• e q u a t io n  are as g iv e n  p r e v io u s ly .  As the e l e m e n t ' s ' ;  
r e s id e n c e  time on the  su r fa c e  in c r e a s e s  so does tlie  depth  
of the  d i f f u s i o n  zone w i th in  the e lem en t .
where t  = —
v
and a t  any i n s t a n t  the r a te  o f  d i f f u s i o n  a cco rd in g  to  F ic k ' s  
f i r s t  law  i s  g iv e n  hy
This depth., i s  g iv e n  a t  any i n s t a n t  hy
St  = 2 (D t)2  , .  . (67)
y
/  A _  i t  s  (C _ C )d t gm — h e ' (68 )
I f  th e  d i s ta n c e  t r a v e l l e d  on the  su r fa c e  hy an e lem en t i s  
y , th en  from (67) and (6 8 )  the r a te  o f  d i f f u s i o n  from an
elem ent o f  area dA = zdy, i s : -
th e n  the  number o f  p a r t i c l e s  which are exchanged through  
the  area  zA i n  u n i t  time i s  o b ta in ed  hy i n t e g r a t i o n  o f  the
above e q u a t io n  from
s t a g n a t io n  p o in t s  on the  s u r f a c e ) .  T his g i v e s
betw een
and the  r a te  o f  e v o lu t io n  from u n it  area  i s ^  
f o r  the t o t a l  area A , t h e r e f o r e ,  the r a te  i s
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where p =  ^ f-~ j
Assuming th a t  the  f lo w  a t  the su r fa c e  i s  f r i c t i o n  f r e e ,  
Kraus (60) d e r i v e d  an e x p r e s s io n  f o r  the d w e l l  tim e o f  a 
l i q u i d  e lem en t:
±





where V = k in em a tic  v i s c o s i t y  (cm / s e c )
and As = e x p a n s io n  c o e f f i c i e n t  (°C 1 )
Cj> = s p e c i f i c  h e a t  ( c a l . g . ° C )
^  = h e a t  f lo w
E v a lu a t io n  g i v e s  X = 0 .1  s e c .
V
Kraus (60 ) in t e r p r e t e d  t h i s  as i n d ic a t in g  th a t  A was sm all -
app rox im ate ly  0 .1  mm.
vYith the  above v a lu e  f o r  t  = A,  the mass t r a n s f e r
V
c o e f f i c i e n t  i s  g iv e n  h y : -
X  °v
/  cf
and e v a lu a t io n  g i v e s   ^ = 0 .0 2 5  cm sec
For f lo w  w ith  f r i c t i o n  a t  the su r fa c e  Kraus shows th a t
1
a .  „ , . . .  * + ^ \  ^  -A- 1 f o r  m o lten  s t e e lp i s  reduced hy a f a c t o r  o f  j  j
u s in g  h = 6 .0  x 10~5 cm^/sec ( 6 6 ,6 7 )  a n d ^  = 7  x  10~^cm^/
sec  ( 6 8 ) .
A p p l ic a t io n  to  in d u c t io n  fu rn ace  m e l t s .
F igu re  20 (93 )  shows d ia g ra m m a tica lly  the  f lo w  p a t t e r n  i n  
the in d u c t io n  fu r n a c e .  The m agnetic  f i e l d  f o r c e s  th e
4
l i q u i d  m eta l up i n  the  c e n tr e  of the  fu r n a c e ,  the  h e i g h t  
o f  which in c r e a s e s  w ith  power in p u t . '  From th e  dome o f  the  
h ath  thu s formed the  m elt  f lo w s  down a g a in  to  the  s i d e s .
The d is ta n c e  betw een  the s t a g n a t io n  p o in t s  A i n  e q u a t io n  (7 0 )  
i s  determ ined hy the  r a d iu s  t" o f  the  c r u c i b l e .  The average
33
*1
= 11  cm. 10"^iu
v e l o c i t y  y a t  the phase c o n ta c t  a rea s  has been  deduced
t!
by Knuppel (93) as f o l lo w s
Xhe p r e ssu r e  on the  m elt  c a u s in g  the  bath  dome i s  c a l c u l a t e d  
from . ——
Ps = 3 1 .6  h - h — . ltg/cm2 . . . {7k)
j  v f  A
where JL = r e l a t i v e  p e r m e a b i l i ty
(T = s p e c i f i c  r e s i s t a n c e  o f  m elt
'j' = freq u en cy  ( c / s )
% = induced  power (fc/0
A = c y l i n d r i c a l  su r fa c e  area  o f  m elt  (cm )
The p r e ssu re  j) s i s  h e ld  i n  e q u i l ib r iu m  by the g r a v i t a t i o n a l  
p r e ssu r e  p  h
where p  = S.G- o f  m elt  , h = r i s e  o f  b a th .
Ps = />h = 3 1 .6  FT  ' M # . (73 )
i—i v  ... A •,
Hence h = 3 1 .6  -ft— 9 * *' . * . (76 )
V r f  A p
w
For l i q u i d  ir o n  Knuppel and O eters  (9 3 )  o b ta in
h  = 1 .7 8  cm 0  1600° C entigrad e
h = 2 .0 2  cm a) 1700° C entigrade
The average v e l o c i t y  v  i s  c a l c u l a t e d  ap p ro x im ate ly  by
assum ing f lo w  a lon g  an i n c l i n e d  p la n e  (F igu re  21)
where V =
Hence i n s e r t i n g  the  above v a lu e s  f o r  h
V = 29 cm /sec  @ 1600° C entigrade
y = 32 cm /sec  ® 1700° C en tigrad e
E xperim enta l d e te r m in a t io n  m easuring the speed  o f  rem oval
^  «
o f  a p ie c e  o f  c o a l  to  the o u te r  edge gave V = 20 c m /s e c ,  
i n  rea so n a b le  agreement w ith  the c a l c u l a t i o n s .
Knuppel and O eters (93) used  e q u a t io n  (71 ) f o r
c o n s id e r a t io n  o f  n i t r o g e n  removal under vacuum and o b ta in e d




They cone laded, th a t  i n  t h e i r  case  s tr e a m lin e  p a r a l l e l  f lo w  
had tak en  p l a c e ,  "but th a t  i n  accordance w ith  Kraus* s 
c a lc u l a t io n s  where the r a te  of/ f lo w  ten d s  to  zero  i . e .  a t  
the s a r f a c e ,  the th ic k n e s s  o f  the "boundary la y e r  i s  g iv e n  hy  
% = 2 ,9  x 10~3 x 4 . 4  ~  13 x 10” 3 cm
and c o r r e sp o n d in g ly  the mass t r a n s f e r  c o e f f i c i e n t  would be 
sm a lle r  hy a f a c t o r  o f
Kraus o b ta in ed  % 12 x 10~3 i n  m e l t s  on ir o n  m e lt s
i n  which f i lm  fo rm a tio n  on f l o a t i n g  s la g  p a r t i c l e s  c o u ld  he  
r e c o g n is e d .
1 .3*3* Summary and com parison o f  mass t r a n s f e r  t h e o r i e s .
The f o r e g o in g  t h e o r i e s  o f  the  k i n e t i c s  o f  d e g a s s in g  
from q u ie s c e n t  m e lt s  s t a r t  o f f  w ith  the b a s i c  assum ption  
th a t  the  r a te  c o n t r o l l i n g  s te p  i s  the t r a n s f e r  o f  components  
from the bulk o f  the m elt  to  the g a s /m e ta l  i n t e r f a c e .  The 
mechanism o f  tr a n sp o r t  i s  th en  a n a ly sed  and the  tr a n s p o r t  
c o e f f i c i e n t  e v a lu a te d  i n  a ttem p ts  to  deduce the f a c t o r s  
which in f lu e n c e  the r a t e .
A l l  fo u r  t h e o r ie s  y i e l d  e x p r e s s io n s  f o r  the  r a te  o f  the  
same form
s  ■ |i V  l c » -  °»>
where ^ = c o n s ta n t ,  ,
Kinsman ( 6 3 ) has summarised them i n  f i g u r e  (.19)* The 
f i r s t  two t h e o r i e s  are the  most g e n e r a l;  th e y  are a p p l ic a b le  
under a l l  hydrodynamic and g e o m e tr ic a l  c o n d i t i o n s .  They 
d i f f e r  i n  t h e i r  con cep t o f  the p r o c e s s ,  but f o r  p r a c t i c a l  
p u rp oses are much the same, s in c e  th ey  both  c o n t a in  an
r a  x u  vuiu/  a w ; j j x  { c m / s e c j
from ecu . (71) | (e x p e r im e n ta l)
2 0 ,6  | 5
23.8 17.3
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■d.LLjut>ociuitJ jjw-ryjut: ot?i- u r  u } wiu.cn i s  a i u n c o i o n  o r  m e
c o n v e c t iv e  s t i r r i n g .
M achlin and Kraus o b ta in  ^ i n  terms o f  fundam ental  
param eters such as k in em a tic  v i s c o s i t y  which can he 
d i r e c t l y  measured and c o n se q u e n t ly  th e y  are more amenable to  
ex p er im en ta l t e s t i n g  than the o th e r s .  
l . U . Mass tr a n sp o r t  by b u b b le s .
l . i - l - . l .N u c le a t io n  o f  GO b u b b les .
The im portance o f  bubble n u c le n t io n  was f i r s t  r e a l i s e d  by
Korber and O elsen  ( 6 9 ) who d is c o v e r e d  th a t  under c e r t a i n
c o n d i t io n s  an ir o n  m elt  su p e r sa tu r a te d  i n  carbon and
oxygen c o u ld  be p rev en ted  from form ing CO g a s .  T h is  was
e s p e c i a l l y  tru e  o f  g la z e d  c r u c i b l e s .
u
Using the Volmer -  Becker -  Doring th e o ry  (7 0 ,  71)  
jtfivva ( 5 2 ) d e r iv e s  the c r i t i c a l  ra d iu s  r which must be
ach iev ed  p r io r  to  growth o f  a s t a b le  bubble as
-  I 2RT
N AO o co
<r
p . . . (77 )
where su rfa c e  t e n s io n  o f  l i q u i d  ir o n
P = t o t a l  p r e ssu r e  on bubble  
e x c lu d in g  su r fa c e  t e n s io n
i . e .  atmosphere + f e r r o s t a t i c
A(i i s  the f r e e  energy  change f o r  the r e a c t i o n  co
[c] + Lo] M
and N Avaffadro1s number





<r (7 8 )
v/here
and
0e i s  the e q u il ib r iu m  oxygen' c o n te n t
0^ i s  the a c tu a l  oxygen c o n te n t  o f  the m e lt .
The f r e e  energy change o f  the c r i t i c a l l y  s i z e d  gas bubble  
i s  g iv e n  by
36
[  + 3Pj J
the p r o b a b i l i t y  o f  form ing the c r i t i c a l  s i z e  b e in g
f f =
I n s e r t in g  r** = 10~3 cm
and CT -  1500 dynes/cm
i s  found to  be e x tr em e ly  sm a ll .
S im i la r ly  Bogdandy (72 ) g iv e s  the n u c le a t io n  freq u en cy  o f
gas b u b b les  as
J = F • C nuc l e i / c  jirVsec . . . (81)
1 *2where the  work o f  n u c le u s  fo rm a tio n  i s  v/ = -^/rfi-Trr3
He g iv e s  the r a d iu s  o f  the n u c le u s  as
* _ 2 <rM ______
p  RT (n 1°  
1 c,
2 k  = k c A  = __________
q  S  o  cz  1 n " ~ J
S  3 CO
° t
'S
where the  su p e r s a tu r a t io n  under s t e e l  m a k in g 'c o n d it io n s  
i s  d e f in e d  by
2 .5  x 10'
Equation  (81) a p p l ie s  o r i g i n a l l y  to  the  fo r m a tio n  o f  vapour  
b u b b les  under reduced p r e s s u r e .  A c c o r d in g .to  Bogdandy (72 )  
i t  can be used as an e s t im a te  f o r  the n u c le a t io n  o f  b u b b le s  
i n  su p e r sa tu r a te d  m e lt s ,  a lth ou gh  the fre q u en cy  f a c t o r  F 
cannot be determ ined w ith  accu racy  ( 7 3 ,7 4 ,7 5 ) .
F igure 22 (72) shows th a t  the fre q u en cy  o f  n u c le i  
fo rm a tio n  i s  ex trem e ly  low and the  c a l c u l a t i o n  (7 3 ,7 5 )  shows 
th a t  the fo rm a tio n  o f  CO n u c le i  w i th in  the m elt  i s  p r a c t i c a l l y  
im p o s s ib le .  Hence a CO b o i l  must r e l y  on h e te r o g e n e o u s  
n u c le a t io n  and i t  i s ,  t h e r e f o r e ,  n e c e s s a r y  f o r  the  v e s s e l  w a l l  
to  c o n ta in  many c r e v ic e s  i n  which gas may be tra p p ed . Crowth
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au.U rw.Luy.ae ux uuuuj.ua w in  luiuii. uuuur x rum oacac aruua.
That t h i s  c o n c lu s io n  i s  v a l i d  i s  dem onstrated hy the
ii
exp erim en ts  o f  Korher and O elsen  (69) and hy the i n v e s t i g a t i o n s  
of  Brower and Larsen (7 6 ) .  The f a c t  th a t  the  CO h o i l  i s  
g e n e r a l ly  c o n t r o l l a b l e  i s  e v id en ce  th a t  n u c l e a t io n  o f  
b a b b le s  i s  not r a te  determ ining. However, i t  i s  worthy o f  
n ote  th a t  r e c e n t  a ttem p ts  to  a ch iev e  v a c u u m -k il led  low  
carbon s t e e l  (77) and low carbon s t a i n l e s s  s t e e l  has  
r e s u l t e d  i n  a la ck  o f  the 0 / 0  r e a c t io n  when the s t a r t i n g  
carbon c o n te n t  i s  l e s s  than about 0„0lj/S. I n i t i a t i o n  o f  the  
r e a c t io n  has been  a ch iev ed  by sm all a d d i t io n s  o f  carbon or  
m eta l seed s  ( 7 8 ) .
I .I4. .2 . Orowth  and mot i o n o f  g a s b u b b le s .
I t  i s  o n ly  i n  r e c e n t  y e a rs  th a t  i t  has b een  e s t a b l i s h e d  
(7 9 )  th a t  the b u b b les  observed  i n  s tee lm a k in g  p r o c e s s e s ,  
which are u s u a l ly  g r e a te r  than  1 cm i n  d iam eter  have the  
s p h e r ic a l - c a p  shape shown i n  f i g u r e  23 . Niwa (5 2 )  shows 
th a t  the S to k es -N a v ier  e q u a t io n  i s  inadequate  to  d e s c r ib e  
bubble movement.
The f r i c t i o n a l  fo r c e  on a sphere having  a r a d iu s  r  and 
v e l o c i t y  V i s
FRS = a ccord in g  to  Stoke’s law  . . .  (83)
B alancin g  t h i s  a g a in s t  the buoyancy o f  the ga s  bubble
' v = ( I  f V 1,2 • • • w
S u b s t i t u t in g  P -  7 ,  = 2 x  10 p o is e  the  v e l o c i t y
/
comes to  700 m /s e c ? an e x c e p t i o n a l ly  f a s t  r a te  l e a d in g  to
a R eynold’ s number R o f  1 0 ^ .  Hence t h i s  e q u a t io n  cannote
p o s s i b l y  d e sc r ib e  the  c o n d i t io n s  a p p e r ta in in g  i n  p r a c t i c e .  
Using Newton’ s ecjnations
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the v e l o c i t y  y = ^  r g )  2 . . .  (.86)
which i s  i n  agreement w ith  Haherman and nor to n  (.80).
Work o f  D av ies  and T aylor  (81) on s p h e r i c a l  cap b u b b les
g iv e s  _____
V = | J s \  . . . (87)
where R = r a d iu s  o f  cu rv a ta re  o f  s p h e r ic a l  cap . 
which i n  terms o f  an e q u iv a le n t  s p h e r ic a l  r a d iu s  i s  s im i la r  
to  e q u a t io n  (8 6 ) .
F igure  22+ shows the good agreement o b ta in e d  hy Bradshaw 
(82) i n  exp erim en ts  w ith  a v a r i e t y  o f  media.
I t  i s ,  t h e r e f o r e ,  apparent from t h i s  work th a t  the  r a te  
o f  r i s e  i s  u n a f f e c t e d  hy the T ^ op e^ ties  o f  the  f l u i d  such as  
the  d e n s i t y  o f  the l i q u i d  and the su r fa c e  t e n s i o n  a t  the  g a s /  
l i q u i d  i n t e r f a c e .  I t  i s  dependent o n ly  on the  s i z e  o f 'the  
huhhle e x c e p t  f o r  l i q u i d s  w ith  v i s c o s i t i e s  g r e a te r  than  
ahout 100 c p . ,  where th e re  i s  a d ecrea se  i n  r a te  o f -a b o u t .  
10~15/> due to  a s l i g h t  change in  huhhle shape.
Studying  the  t r a n s f e r  o f  00^ betw een  w ater and g a s  
b u b b les  Baird and D avidson (83 ) g iv e  the f o l l o w in g  e q u a t io n  
f o r  the mass t r a n s f e r  c o e f f i c i e n t  (cm /se c )  from c o n s i d e r a t io n  
o f  lam inar f lo w  about the s p h e r ic a l  cap .
(S = 0 .9 7 5  • i f  g* . . .  . (8 8 )
where d = ra d iu s  o f  a s p h e r ic a l  bubble o f  
e e q u iv a le n t  volume.
The sm all in v e r s e  r e l a t io n s h ip  betw een j3 and shown
i n  the  above e q u a t io n  i s  not supported by R ichardson  (7 9 )
who s u g g e s t s  th a t  jS . is  v i r t u a l l y  independent o f  bubble  s i z e
a lthough  bubble shape, b e in g  a l t e r e d  by v i s c o s i t y  has a
sm all in f lu e n c e  on  ^ . For s p h e r ic a l  cap b u b b le s  i t  appears
39
than a c r o ss  the cap and i s  about 20% o f  the  t o t a l ,
2 . Comparison o f  Theory w ith  Experim ental R e s u l t s .
» K in e t i c s  o f  the G-Q r e a c t io n .
I t  has been  shown th a t  a t  the low p r e s s u r e s  en cou n tered  
i n  vacuum d e g a s s in g ,  i t  i s  u n l ik e ly  th a t  t r a n s p o r t  i n  the  
gas phase d e term in es  the  r a t e .  I t  i s  p o s s i b l e  th a t  e i t h e r  
h etero g en eo u s  chem ica l r e a c t i o n  or mass t r a n s p o r t  i n  the  
l i q u i d  i s  the r a t e - c o n t r o l l i n g  s t e p .  The ex p e r im en ta l  
e v id en ce  i n d i c a t e s  th a t  i n  the  q u ie s c e n t  s ta g e  o f  the C/0 
r e a c t io n  the r a te  o f  e v o lu t io n  o f  carbon monoxide i s
( n  _  c ) cdt p gm x b s '
Because the  r a te  c o n t r o l l i n g  s t e p  i s  p r o p o r t io n a l  to  
the su r fa c e  area and b ecau se  o f  the argument o u t l in e d  i n  
S e c t io n  1 . 1 . ,  homogeneous ch em ica l r e a c t io n  can be r u le d  
out as r a te  d e term in in g .
A summary o f  e x p e r im e n ta l ly  determ ined v a lu e s  f o r  the  
mass t r a n s f e r  c o e f f i c i e n t  i s  g iv e n  i n  Table 2 .
The boundary la y e r  th e o r y  g i v e s  |5 = jr from which  
Larsen (89 ) e s t im a t e s  5* as 0 .0 0 2 2  cm. On the  o th e r  hand 
the b a s i c  hydrodynamic th e o ry  under 1 . 3 . 1 .  g i v e s  ^ = 0 .0 3  'bin 
( 3 2 ) f o r  the su r fa c e  la y e r  o f  b u b b les  which i s  i n  rough  
agreement w ith  the work o f  Schvartsman ( 8 7 ) .  Barken (36 )  
ag rees  w ith  Larsen (89) and a l s o  g iv e s  0 .0 0 3  cm.
Using t h i s  va lu e  and the d i f f u s i o n  c o e f f i c i e n t  o f
O  *1 *
oxygen DQ = 7 .8  x 10"^ cm ( 7 ) ,  Kinsman ( 6 5 ) g i v e s
|5 = ~  = 0 .0 2 6  cm sec""\
11 0
Knuppel and O eters (93) nse the Kraus model to  s tu d y  th e  
mass t r a n s f e r  mechanisms of hydrogen and n i t r o g e n  from t h e i r  
c a lc u l a t io n s  o f  f o r  n i t r o g e n  removal and u s in g
f = S’
assuming a v a lu e  o f  D “ 6 .0  x 10~3 em2 se c ” 1 ( 6 6 ,6 ? )  th ey  
deduce th a t  § -  2 .9  x 10  ^ cm f o r  f r i c t i o n - f r e e  f lo w  and
13 x 10~3 Cm f o r  f lo w  w ith  f r i c t i o n .
Using the boundary la y e r  approach and a p p ly in g  i t  to  ■ 
fo u r  l i m i t i n g  c a s e s ,  s in c e  i t  i s  shown th a t  the  su r fa c e  - 
c o n c e n tr a t io n s  o f  carbon and oxygen change w ith  th o se  o f
H
the hulk o f  the  m e lt ,  hnuppel d eterm in es  the  e f f e c t i v e  
mass t r a n s f e r  c o e f f i c i e n t  as .01+7 cm /sec  f o r  oxygen c o n t e n t s  
o f  betw een  0 .0 1 0  -  0 .0 2 0  (C%> ,0 6  -  . li-j.%). With in c r e a s in g  
oxygen and d e c r e a s in g  carbon,^ r ea c h e s  the va lu e  O.Qlij. 
cm /sec a t  . 053%'0 (.031% C). The f a c t  th a t  ^ becomes 
sm a ller  w ith  d e c r e a s in g  carbon (down to  s to c h io m e tr ic  0 /0  
r a t i o )  i n d i c a t e s  th a t  j^c^o 7  ^ Knlipx^el (93 ) d e term in es  
t h i s  va lu e  as 0 .1 k .
Machlin* s (6 Ll) r i g i d  f lo w  model i s  a p p l ic a b le  to  
in d u c t io n  s t i r r e d  m e lt s  and g i v e s
= 2J 2DY 
r Tf
(where the su r fa c e  area  i s r e l a t e d  to  r by A = TTr2 ) .
O
U n fo r tu n a te ly  i t  i s  not p o s s i b l e  to  compare th e o r y
w ith  experim ent owing to  the  u n c e r ta in t y  o f  th e  v a lu e  f o r
- 1the v e l o c i t y  v  . iaach lin  assumes 10 cm sec  , b u t a b e t t e r
—1va lu e  o f  20 -30  cm /sec , by  a comparison o f  th e o r y  w ith  
exp erim en t, ( S e c t io n  1 . 3 . k . 2 . )  i s  g iv e n  by ivnuppel and « 
O eters ( 9 3 ) .
Tailing the  va lu e  f o r  the  d i f f u s i o n  c o e f f i c i e n t  o f  
oxygen as 1 x 10~^ cm2/ s e c - 1  t h i s  g i v e s  /J as
- k  '  1
A -  o 1 x  W  x 20 U






The th e o r y  d eve lop ed  'by Kraus (60) g i v e s  ^  as a 
function fundam ental c o n s t a n t s ,  i . e .
r c
g iv in g  p = .025  cm s e c ’
where %  = 2 .0  x 10”^ deg C~“
at 1600°C
^  = 7 x  10~3 cm ^ /sec .
/? = 7 .0  g / c c .
Cp = 0 .2  c a l . g .d e g .C .
g iv in g  good agreement w ith  ex p er im en ta l  r e s u l t s .
The t r a n s f e r  c o e f f i c i e n t s  determ ined by P a r le e  ( 8 5 ) 
are c o n s id e r a b ly  sm a ller  than the t h e o r e t i c a l l y  d e r iv e d  
v a lu e s  o f  the boundary la y e r  and Kraus m odels and th e  o th e r  
e x p e r im e n ta l ly  determ ined v a lu e s  shown i n  Table 2 .  Kinsman 
(65 ) s t a t e s  th a t  a p o s s i b l e  e x p la n a t io n  f o r  t h i s  i s  t h a t  
the c o n d i t io n s  f o r  P a r l e e 1s ex p er im en ts  were n ot f r i c t i o n  
f r e e ,  co n ta m in a t io n  p o s s i b l y  h av in g  occu rred  from a t h i n  
su r fa c e  la y e r  o f  alum ina. Hence the  d e r iv a t i o n  o f  Kraus 
f o r  f r i c t i o n  a t  the  s u r f a c e ,  the  normal va lu e  o f  approx-
—1 nim a te ly  0 . 0 k  cm sec  would be e x p e c te d  to  be reduced, by  a
f a c t o r  of r  i . e .  0 .0 0 8 .  T his i s  now i n  l i n e  w ith  th e  5
r e s u l t s  quoted by P a r lee  o f  0 .0 0 1 5  -  0 .0 1 2 6  cm s e c ~ \  
S im i la r ly  Kraus (60 ) found th a t  when a v i s i b l e  o x id e  f i l m
4
had formed j!> was o n ly  0 .0 0 5  cm s e c ~ \
ho data  i s  a v a i la b le  f o r  the  fre q u en cy  o f  bubb le  
n u c le a t io n  as a f u n c t io n  o f  p r e ssu r e  and c o n c e n t r a t io n  and 
hence the r a te  o f  d e g a ss in g  durin g  the b o i l  cannot y e t  be 
t h e o r e t i c a l l y  i n v e s t i g a t e d .  However, Kraus (60) d id  su cc ee d
i n  d e r iv in g  an approximate e x p r e s s io n  f o r  the  r a te  i n  the  
p resen ce  o f  e x c e s s  bubble n u c le i  i . e .  when b o i l i n g  i s  so 
v ig o ro u s  th a t  the m elt e f f e c t i v e l y  becomes a foam.
The gas f lo w  which l e a v e s  the  l i q u i d  p a s s in g  through  
a c r o s s - s e c t i o n a l  area A i s ,  th e r e fo r e :
. . .  (8 9 )&N = f  at I RT
\/
where v = v e l o c i t y  o f  r i s i n g  b u b b les .
p = p r e ssu re  i n  b u b b les
f = r a t i o  o f  gas volumel i q . v o l . +  gas volume.
t h i s  approxim ates to
•i
| f  :2= 2 (DgCe /Cb ) 5  -,jr Act, . . .  (90 )
1
and P = 2 (D gC e/C ^gU - . . .  (91 )
For CO fo rm a tio n  i n  s t e e l  m e lt s  o f  betw een  0 .0 5  -  0.5/& C
and f o r  -jr = i  ?
1$ = 0 .1  -  0 . 3  c m /sec .
which r e p r e s e n t s  a r a te  10 x th a t  i n  the absence  o f  b u b b le s .
T h is  la r g e  d e g a ss in g  r a te  has been  foun d  e x p e r im e n t a l ly
o n ly  i n  la r g e  i n d u s t r i a l  i n s t a l l a t i o n s  and the  d a ta  g iv e n  i n
the l i t e r a t u r e  i s  s c a n ty .  However, the  v a lu e s  g iv e n  i n
Table 3 g iv e  good agreement w ith  the  d e te r m in a t io n  o f  Kraus.
T his ev id en ce  on foam ing m e lts  i s  c o n tra r y  to  the  c a l c u l a t i o n
o f  R ichardson (79 ) who used e q u a t io n  (88) f o r  th e  removal o f
00 as b u b b les  i n  the open h ea r th  p r o c e s s .  He o b ta in e d  a
va lu e  o f  0,01+ cm/see"*'1' (Table 2 ) ,  a va lu e  v e ry  c l o s e  to  t h a t
*
f o r  normal d i f f u s i o n - c o n t r o l l e d  c a l c u l a t i o n s .
From the f o r e g o in g ,  i t  seems alm ost c e r t a i n  t h a t
tr a n sp o r t  i n  the  m elt  i s  the  r a te  d e term in in g  s t e p  f o r  
q u ie s c e n t  m e l t s .  R ichardson s u g g e s t s  th a t  th e r e  i s  a l s o
good r ea so n  to  b e l i e v e  th a t  the  growth o f  00 b u b b le s  i s  a l s o
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c o n t r o l l e d  by the  same mechanism, (S u rface  a c t i v a t i o n  i s  
thought to  p la y  l i t t l e  p a r t  s in c e  the su r fa c e  o f  the bubble  
i s  renewed a t  a rap id  r a t e ,  u n l ik e  the  g a s /m e ta l  boundary i n  
a s t a t i c  m e l t . )  The ex p er im en ts  o f  Sharma and ward (62 ) on 
the  r e d u c t io n  o f  s i l i c a  by an iro n -ca r b o n  m elt  p ro v id e  
a d d i t io n a l  c o n f ir m a t io n  o f  t h i s .  The p r e d ic t e d  tem perature  
dependence d e r iv e d  from the model based  on s low  d i f f u s i o n  o f  
oxygen i n  the m e lt ,  agreed  c l o s e l y  w ith  the  ex p e r im en ta l  
r e s u l t s .
In  v iew  o f  th e se  th o u g h ts  the  c o n c lu s io n s  o f  Kraus on 
foam ing m e lts  need f u r t h e r  e x p la n a t io n .
2 , 2 .  K in e t i c s  o f  m e l t - c r u c ib l e  r e a c t i o n s .
2 , 2 , 1 .  K in e t i c s  o f  s i l i c a  r e d u c t io n .
Turkdogan e t  a l  (9^+) s tu d ie d  the r a te  o f  r e d u c t io n  o f  
s i l i c a  from s i l i c a t e  s l a g s  by  g r a p h i t e - s a t u r a t e d  ir o n  i n  
the  p resen ce  o f  carbon monoxide and a t  1500° C en tig ra d e .
In order to  m inim ise changes i n  s l a g  c o m p o s it io n  d u rin g  the  
experim ent the  bu lk  r a t i o  o f  s la g  to  m etal was m a in ta in ed  
a t  a h igh  l e v e l  o f  about 33 to  1 , i . e .  200g s l a g  to  6g m e ta l .  
The r a te  cu rv es  shown i n  f i g u r e  23 were found to  be l i n e a r  
w ith  time f o r  the f i r s t  3 to  10 hours o f  r e a c t i o n  tim e a f t e r  
which th e r e  was a gradual d e c re a se  i n  the s lo p e s  o f  th e  c u r v e s .  
Because o f  t h i s  Turkdogan su g g e s te d  th a t  the  r a te -d e te r m in in g  
p r o c e s s  i n  the breakdown o f  s i l i c a  was due to  an i n t e r f a c i a l  
chem ical r e a c t io n  r a th er  than  mass tr a n sp o r t  o f  the r e a c t i n g  
s p e c i e s  i n  e i t h e r  o f  the bu lk  p h a se s ,
f o r  the a d so r p t io n  o f  s i l i c a t e  io n s  a t  the  s la g - m e t a l  
i n t e r f a c e ,
SiOg □  = D s i 0 2
s la g
where Q  and □ s i o 2 are vacant and o ccu p ied  s i t e s  a t  the
hb
Turkdogan d e r iv e d  the  r a te  e q u a t io n
$ 3 1  =  M t S i § _  x  ICj , .Ka . a S i 0 2  +  I  .  .  .  ( 9 2 )
f  1 + Kjj.aSi 0 2
where I = i n t e g r a t i o n  c o n s ta n t  determ ined from
the  i n i t i a l  s i l i c o n  c o n te n t  o f  m e ta l ,
i  = depth o f  c y l i n d r i c a l  m e lt ,  
k^ = r a te  o f  forward r e a c t io n ,
Ke = e q u il ib r iu m  c o n s ta n t  f o r  a d s o r p t io n
r e a c t io n .
The r a te  o f the r e v e r s e  r e a c t io n ,  kg , i s  assumed to  
he n e g l i g i b l e  a t  t h i s  s t a g e .
The r a te  c o n s ta n t  R, f o r  a g iv e n  temp, and s i l i c a  
a c t i v i t y  i s  g iv e n  by;
R = ,n s i / s q .c m ./h r .  . . . { 95 )
I  + Ka . a Si 02
which, on rearrangem ent, g i v e s  the f o l lo w in g  e x p r e s s io n ;
£—  = ks Ka -  ICaR . . . (.91+)
a s i o 2
which sh ou ld  r e s u l t  i n  a s t r a i g h t  l i n e  w ith  a n e g a t iv e
Rs lo p e  f o r  a p l o t  o f    a g a in s t  H. F igu re  26 shows the
a Si02
p l o t  o f  Turkdogan1s r e s u l t s  and because  o f  the  agreement  
he co n c lu d es  th a t  the fo r e g o in g  r a te  th e o r y  i s  a p p l ic a b le  
to  the r e d u c t io n  o f  s i l i c a  from a s i l i c a t e  m elt  by g r a p h i t e -  
sa tu r a te d  F e -S i  a l l o y s .  For p ro lon ged  r e d u c t io n  t im e s  
( 10 h ou rs)  where the r a te  o f  r e a c t io n  d e c r e a s e s  w ith  t im e ,
Turkdogan found con tin u ed  agreement w ith  t h i s  th e o r y  p r o v id in g  
the  r e v e r se  r a te  o f  the r e a c t io n  was taken  i n t o  a c co u n t .
In the absence o f  CO b u b b les  a t  the s l a g / m e t a l  i n t e r ­
fa c e  the r a te  o f  r e d u c t io n  v/as found to  be reduced and the  
r e s u l t s  su g g e s te d  th a t  under th e se  c o n d i t io n s  the r a te  
c o n t r o l l i n g  p r o c e s s  was the  d i f f u s i o n  o f  oxygen to  the
g r a p h ite  w a l l s  o f  the  c r u c ib le  near  the s la g - m e t a l - g r a p h i t e  
3-phase  "boundary. The i n t e r d i f f u s i v i t y  o f  s i l i c o n  i n  
g r a p h i t e - s a t u r a t e d  ir o n  was a l s o  o b ta in ed  from t h i s  work 
and found to  "be ( 5 .^  £■ 0 . 4 )  x  10“  ^ s q .c m /s e c ,  i n  agreement  
w ith  o th e r  data  ( 9 3 ) .
G-rimble and Ward (96 ) have examined th e  p o s s i b i l i t y  
t h a t  the r e d u c t io n  o f  s i l i c o n  from s i l i c a - s a t u r a t e d  s l a g s  
by c a r b o n -sa tu r a te d  ir o n  i n  g r a p h ite  c r u c i b l e s  may occu r  by  
b o th  ch em ica l and e le c t r o c h e m ic a l  means. In  the d i s s o c i a t i o n  
o f  s i l i c a  the  s im u ltan eou s  r e a c t io n s
( S i^ +) + ke  [S i]
• . . (95 )
and 2 (0^~) -  1+e 2 [o]
w i l l  p rob ab ly  occur a t  a d ja cen t  s i t e s  so  t h a t  e l e c t r o n s  w i l l  
be t r a n s f e r r e d  d i r e c t l y  betw een them and th e  o v e r a l l  r e a c t i o n  
w i l l  be chem ica l r a th e r  than  e le c t r o c h e m ic a l  i n  n a tu r e .
The th r e e -p h a se  r e a c t i o n  betw een s i l i c a  and carbon
l S i 0 2 ) + 2C ;=± [ S i ]  + 2 { ,C o }  . . . (9 6 )
can a l s o  occur by an e le c t r o c h e m ic a l  mechanism c o n s i s t i n g  o f  
se p a r a ted  anodic  and c a th o d ic  r e a c t i o n s .  In  a g r a p h ite  
c r u c ib le  th e se  are the  anodic  r e a c t i o n s ,
2 < C >  + 2 (02“ ) -  4e 2 ( 00  ^ . . . (97)
o ccu rr in g  a t  the  s l a g /g r a p h i t e  i n t e r f a c e  and a c a th o d ic  
r e a c t io n
( S i^ h  + be  ^  [ s i ]  . . .  (98)
a t the  s la g -m e ta l  i n t e r f a c e .
Ward (96) conducted e x p e r im e n ts .u s in g  e le c t r o c h e m ic a l
c e l l s  w ith  sep a ra ted  anodic  and c a th o d ic  a rea s  and showed
th a t  the e le c t r o c h e m ic a l  r e d u c t io n  o f  s i l i c a  by carb on  d oes
o c cu r . Although the  f r a c t i o n a l  c o n t r ib u t io n  by e l e c t r o ­
c h em is try  to  the  o v e r a l l  r e d u c t io n  o f  s i l i c a  i n  g r a p h ite
kb
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o f  the  r a te  o f  s i l i c a  r e d a c t io n  i n  s im ple  g r a p h ite  c e l l s  
w ith  th a t  o f  s le e v e d  c r u c i b l e s  shown i n  F igu re  27 > s t r o n g ly  
s u g g e s t s  th a t  the c o n t r ib u t io n s  o f  e le c t r o c h e m is t r y  and 
c h e m is tr y  are o f  s im i la r  m agnitude. In  v iew  o f  t h i s  work 
i t  would seem th a t  the  e le c t r o c h e m ic a l  r e d u c t io n  o f  s i l i c a  
p la y s  an im portant p a r t  when g r a p h ite  c r u c i b l e s  are u sed .
T h is  a p p l ie s  to  the work o f  Turkdogan e t  a l  \ 9 k )  and 
s u g g e s t s  th a t  h i s  d a ta  sh ou ld  not he used when c o n s id e r in g  
sim ply  the  chem ica l d i s s o c i a t i o n  o f  s i l i c a  which o c cu rs  
w ith  r e f r a c t o r y  c r u c ib le s *
Sharma and Ward (97 ) have i n v e s t i g a t e d  the k i n e t i c s  o f  
th e  ch em ica l p r o c e s s  o p e r a t in g  i n  the  absence o f  any e l e c t r o ­
ch em ica l r e a c t io n .  They su g g e s t  th a t  the  r e d u c t io n  o f  s i l i c a  
by carbon i s  u n l ik e l y  to  occur as a s i n g l e  s ta g e  p r o c e s s  
s in c e  t h i s  would in v o lv e  a th r e e -p h a se  r e a c t io n  which c o u ld  
o n ly  occur a long  a l i n e .  In s te a d  the o v e r a l l  r e a c t i o n  must 
c o n s i s t  o f  a number o f  s t e p s  and the  f o l lo w in g  p a r t i a l  
r e a c t io n s  are proposed;
d i s s o c i a t i o n  o f  s i l i c a  a t  the o x id e -m e ta l
i n t e r f a c e ,  ^ S iO ^  ^ ^ S iJ  + 2 ^ o ]  . . . (33 )
d i f f u s i o n  o f  (a )  oxygen and (b) s i l i c o n  
through the  boundary la y e r  a t  th e  s i l i c a - m e t a l  
i n t e r f a c e .
tr a n sp o r t  o f  oxygen, s i l i c o n  and carbon i n  , 
the  bu lk  m e ta l .
d i f f u s i o n  o f  (a )  oxygen and (b) carbon through  
the boundary la y e r  a t  the  m e ta l -g a s  i n t e r f a c e *  
r e a c t io n  o f  carbon and oxygen a t  th e  m e ta l - g a s  
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Ward s u g g e s t s  th a t  the ch em ica l r e a c t io n  r a t e s  ( i )
and (v )  are not c o n t r o l l i n g  s in c e  the r a te  c u r v es  he
o b ta in e d  i n  h i s  exp erim en ts  were n ot l in e a r *  Of the
rem aining mass tr a n sp o r t  s t e p s ,  t i i i )  was c o n s id e r e d  to  he
ra p id  i n  an i n d u c t io n - s t i r r e d  system  and (,i.i)b and ( i v ) b
were thought to  he rap id  because  o f  h ig h  c o n c e n tr a t io n s  o f
carbon and s i l i c o n  i n  the m elt* The d i f f u s i o n  o f  oxygen in
the  m eta l boundary l a y e r s  were th u s concluded  to  be the  r a t e -
d e term in in g  s t e p s .  The chem ica l r e a c t io n  s t e p s  ( i )  and (v )
were c o n s id e r e d  to  be s u f f i c i e n t l y  rap id  to  m a in ta in  the
e q u il ib r iu m  oxygen l e v e n  i n  the m eta l a t  the  o x id e -m e ta l  and
m e ta l-g a s  i n t e r f a c e s ,  and th e  oxygen g r a d ie n t s  i n  th e  system
were r e p r e se n te d  s c h e m a t ic a l ly  as i n  F igure 28 .
A model was a c c o r d in g ly  d e r iv e d  by Ward u s in g  the
boundary la y e r  th e o r y ,  making the assum ptions t h a t
£ = £ the  c o n c e n tr a t io n  o f  oxygen i n  the su r fa c e  la y e r s■K g
o f  the m eta l were zero and th a t  the product o f  the  a c t i v i t y  
c o e f f i c i e n t s  f o r  oxygen and s i l i c o n .w e r e  eq u a l to  u n i t y  
{J-o x  J q ^  = l ) .  The f i n a l  r a te  e q u a t io n  took the  form;
= MSi . A Kvf  D x ( l - x . )  f  %Si] ~ 2 (qq}at 2M^  V  33 ----- ^ ----J -  L J • • • W s )
where x  = f r a c t i o n  o f  m eta l su r fa c e  i n  c o n t a c t  w ith
s i l i c a .
and 1 -  X* = f r a c t i o n  of m eta l su r fa c e  i n  c o n t a c t  w ith  g a s .
Reasonable agreement was found betw een t h e o r e t i c a l  and 
ex p er im en ta l  d e te r m in a t io n s  o f  the  f i n a l  s i l i c o n  c o n t e n t . ’
The exp er im en ts  v/ere c a r r ie d  out a t  tem p eratu res  b e tw een  
1370 and 1600° C entigrade which a l lo w ed  c a l c u l a t i o n  o f  the  
r a te  c o n s ta n t
. 2Mo „ V . [ * S i ]  * ,
k = a t  iis i A L J • * ' u u u ;
r e a c t io n  was determ ined , .
F ig u re s  29 ana 30 show p l o t s  o f  lo g  k a g a in s t  h
J. *
Table shows the good agreement o b ta in ed  between the  
t h e o r e t i c a l  and ex p er im en ta l  v a lu e s  f o r  the  a c t i v a t i o n  
energy  i n  the  h ig h  tem perature range. {1U25 ~ 1600° C) which  
s u g g e s t s  th a t  under the c o n d i t io n s  used by <Vard the model 
o f  r a te  c o n t r o l  due to  the s low  r a te  o f  oxygen d i f f u s i o n  i n  
the m eta l  may w e l l  he c o r r e c t ,  A l i n e  drawn through the  
low tem perature p o in t s  { 4  l l |25°C ) f o r  the u n sa tu r a te d  m e lt s  
shown i n  F igu re  30 g i v e s  an apparent a c t i v a t i o n  en ergy  o f  
120 k c a l /g .m o lq  a va lu e  which i s  too  h ig h  to  he e x p la in e d  
by the d i f f u s i o n  model and Ward s u g g e s t s  ch em ica l r a te  
c o n tr o l  a s s o c ia t e d  w ith  the b reak in g  or Si ~ 0 bonds (9B) 
i n  s o l i d  s i l i c a .  The curved form o f  F igure  30 c o u ld ,  
t h e r e f o r e ,  r e p r e se n t  a t r a n s i t i o n  from pred om in an tly  
chem ical c o n t r o l  a t  low tem p eratures to  pred om in an tly  
d i f f u s i o n  r a te  c o n t r o l  a t  h igh  tem p era tu res ,
Graham and Argent (99) have s tu d ie d  the  c r u c ib l e  
r e a c t io n s  i n  the  vacuum m e lt in g  o f  a u . s t e e l  u s in g  
a lu m in o s i l i c a t e  c r u c i b l e s  c o n ta in in g  95 -  b2% a lum ina.
Using arguments s im i la r  to  th o se  used by Sharma and ward (97)5  
Argent makes the  b a s ic  assum ption th a t  the r a te -d e te r m in in g  
s te p  i s  the tr a n sp o r t  o f  s i l i c o n  and oxygen a c r o s s  the  
boundary la y e r  o f  the c r u c ib le - m e t a l  i n t e r f a c e ,  M achlirf s 
r i g i d  f lo w  model (6/4.) was used to  c a l c u l a t e  the  r a te  o f  
r e a c t io n  w ith  the l i n i n g ,  on the assum ption  t h a t  the  c r u c i b l e  
w a ll  cou ld  be r ep r e se n te d  by a rea s  of alumina and s i l i c a  
p r o p o r t io n a l  to  t h e i r  volume f r a c t i o n s  i n  the r e f r a c t o r y  
and th a t  alumina cou ld  be c o n s id e r e d  i n e r t  by com parison  
w ith  s i l i c a .  F igure 31 shows th a t  the carbon l o s s  and s i l i c o n
r e a c t io n ;
{ s i O ^  + 2 [ c ] ^ ± ;  2 + [ s i ]  * * . (5k)
The f i n a l  oxygen l e v e l s  a ch iev ed  were shout 0 .0 0 1  w/ o  
i r r e s p e c t i v e  o f  c r u c ib le  c o m p o s it io n .
The i n i t i a l  r a t e s  o f  s i l i c o n  pickup f o r  m e lt s  i n  9 5 ?00 
and %2% alumina c r u c i h l e s  were p r e d ic t e d  to  he 0 . 033%/hour 
0 . 12%/hour and 0 . 196%/hour which are i n  e x c e l l e n t  agreement  
w ith  the ob served  r a t e s  o f  0 . 0q.%/hour, 0 . 12%/hour and 0 . 20%/ 
hour. The t o t a l  p ickup over 85 m inutes was c a l c u l a t e d  to  be
0 . 02+, 0 . l ig a n d  0 . 22% as compared w ith  the e x p e r im en ta l  v a lu e s  
o f 0 . 0 5 , 0 .1 0  and 0 . 16%; whereas f i n a l  oxygen c o n t e n t s  were 
e s t im a te d  to  be 0 . 0 0 2 , 0 .0 0 6 5  and 0 .u 07% and are thu s much 
h ig h e r  than the ex p er im en ta l v a lu e  o f  0 . 001%. Graham and 
Argent concluded  th a t  the agreement betw een  p r e d ic t e d  and 
observed  s i l i c o n  c o n te n t s  was good and th a t  the d i s c r e p a n c ie s  
betw een the t h e o r e t i c a l  and ob served  oxygen and s i l i c o n  
c o n te n t s  might be e x p la in e d  by the f a c t  th a t  no accou nt was 
taken  o f  e i t h e r  the l e a c h in g - o u t  o f  the s i l i c a - r i c h  component 
o f the r e f r a c t o r y  or the su r fa c e  a c t i v i t y  o f  oxygen i n  i r o n  
m e lt s .  This a sp e c t  o f  r e f r a c to r y -m e t a l  i n t e r f a c e  r e a c t i o n s  
i s  d e a l t  w ith  i n  the p r e s e n t  work (se e  S e c t io n  3 . 2 ) .
T iberg  ( 8 8 ) has i n v e s t i g a t e d  the d i s s o l u t i o n  o f  o x id e s
i n  carbon s t e e l  m e lts  under vacuum, m a te r ia l  s tu d ie d
in c lu d e d  s i l i c a ,  a l u m i n o s i l i c a t e s ,  alum ina, m agnesia  and 
lim e a t  an i n i t i a l  carbon c o n te n t  o f  0 . 8% and a t  p ressu re 's
betv/een 1 -  600 t o r r .  The r a te  o f  s o l u t i o n  was d eterm ined
by m easuring the  r e d u c t io n  i n  d iam eter  of the  b a r s  a f t e r  a
g iv e n  time o f  .immersion i n  the  ne I t ,  bu t a lth o u gh  t h i s
tech n iq u e  i s  u s e f u l  f o r  comparing the perform ance o f  th e
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t o  a l loy /  a q u a n t i t a t i v e  a s s e s s m e n t  t o  "be made,
2 , 2 . 2 ,  K in e t ic s  of' a l umina r e d u c t io n .
The r a t e  o f  d e o x i d a t i o n  from m e l t s  i n  alumina c r u c i b l e s  
( 9 9 . 7/0 A{0 0 ) u n d e r  Q u i e s c e n t  c o n d i t i o n s ,  was s t u d i e d  by
J
P a r le e ,  Seag le  and Schuhmann (85) who s tu d ie d  the  e v o lu t io n  
and a d so r p t io n  o f  carbon monoxide a t  p r e s s u r e s  betw een  650 
and 1000 t o r r .  The ex p er im en ta l  procedure in v o lv e d  e q u i l ­
ib r a t in g  a m elt  w ith  a known p r e ssu re  o f  carbon monoxide and 
th en  r a p id ly  a l t e r i n g  the p r e ssu r e  to  the r eq u ire d  v a lu e  f o r  
f o r  d e g a s s in g .  The p r e ssu r e  was k ep t  c o n s ta n t  a t  t h i s  v a lu e  
by a l t e r i n g  the volume o f  the  system  and a r eco rd  o f  volume 
a g a in s t  time was made. Their  r e s u l t s  are summarised i n  
f ig u r e  32 (6 5 ) .  In  low carbon runs the  r a te  i n i t i a l l y  
v a r ie d  and th en  became c o n s ta n t  (p r o c e s s in g  time ^0 -5 0  m ins)  
and sometimes eq u a l to  zero .  High carbon ru n s , however1, 
gave a c o n s ta n t  r a te  th rou gh ou t. The s t r a i g h t  l i n e  
p o r t io n s  o f  the  volume a g a in s t  tim e graphs were i n t e r p r e t e d  
as b e in g  the s te a d y  s t a t e  r a te  when the oxygen c o n c e n t r a t io n s  
were such th a t  the  r a te  o f  oxygen su pp ly  had become e q u a l  
to  the r a te  o f  d e o x id a t io n .  In  some graphs the  f i n a l  s lo p e  
was n e g a t iv e  i n d ic a t in g  a r e v e r s a l  o f  the  c r u c i b l e  r e a c t i o n  
and a p r e c i p i t a t i o n  o f  alum ina. In the c a se  o f  the  h ig h  
carbon runs, c o r r o s io n  o f  the  c r u c ib le  was found to  be v e ry  
sev ere  and the h ig h  r a te  o f  gas e v o lu t io n  was c o n s id e r e d  to  
be due e n t i r e l y  to  r e a c t io n  w ith  the  c r u c i b l e .  A d e c r e a se  
of p r e ssu r e  r e s u l t e d  i n  an in c r e a s e d  r a te  o f  carbon  monoxide  
e v o lu t io n .  They in t e r p r e t e d  t h e i r  r e s u l t s  on the  b a s i s  o f  
tr a n sp o r t  i n  the  m elt  be ing  r a te  c o n t r o l l i n g  and u s in g  the  
boundary la y e r  th e o ry  th ey  d e r iv e d  the  e x p r e s s io n ;
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where y = V -  r t




and r = s te a d y  s t a t e  r a te  o f  e v o lu t io n  o f  CO 
The param eter y may he regarded as the v a lu e  o f  V i n  the  
absence o f  a c r u c ib le  r e a c t io n  (y^ = f i n a l  volume and
y volume a t  any time t )„  The ex p er im en ta l d a ta  was found  
to  f o l lo w  an e q u a t io n  o f  the  form o f  ( 1 0 1 ) and th e  c o n s ta n t  
p was found to  range from 1 .5  x 10 to  1 2 .6  x 10 cm /sec  
depending on the caroon c o n te n t .  As shown i n  f i g u r e  33 , a 
la r g e  in c r e a s e  i n   ^ o ccu rs  w ith  carbon c o n te n t s  o f  l e s s  than  
o .2  %
The t h ic k n e s s  o f  the s ta g n a n t boundary la y e r  i s  not  
n e c e s s a r i l y  the  same as the e f f e c t i v e  t h ic k n e s s  o f  the  
c o n c e n tr a t io n  g r a d ie n t  zonq and k a c h l in  ( 6U) a ttem p ted  to  
avoid  t h i s  con cep t i n  h i s  r i g i d  f lo w  model, he c o n s id e r e d  
th a t  the  su r fa c e  la y e r  moves i n  s tr ea m lin e  f lo w  with - no 
v e l o c i t y  g r a d ie n t  p e r p e n d ic u la r  to  the s u r fa c e ,  mass 
t r a n s f e r  occu rs  b y ' d i f f u s i o n  during  the movement o f  the  
su rfa ce  from the c e n tr e  to  the o u ts id e  o f  the  b a th .  He 
d e r iv e d  the  g e n e r a l  r a te  e q u a tio n :
f h  = 2 (ob -  c s )
at TTrh-
. . . (65)
which can be used to  c o n s id e r  the d e o x id a t io n  a t  the m e l t -  
gas i n t e r f a c e .
f o r  the m e l t - c r u c ib l e  i n t e r f a c e ,  a g iv e n  e lem en t o f
me
sweep and so e q u a t io n  (cp ) becomes;
t a l  comes in t o  c o n ta c t  w ith  a le n g th  (h + ~  ) i n  a s i n g l e
at ^W-D -  ° s; I IT ' rti2/ J  * • '
A s im i la r  m o d i f ic a t io n  can "be made f o r  a doab le  loop  m ixing
p a t te r n  where the m ixing l e n g t h s  are ^  ~  andh h G . r 2 * 2 2 '
d^ 'Oi ia c h l in  a p o l ie d  t h i s  model to  the case  o f  - r^r* = 0 f o ra t
ir o n -c a r b o n  m e lts  in  alumina c r u c i b l e s ,  assuming th a t  
e q u il ib r iu m  i s  m ain ta ined  a t  the two s u r f a c e s ,  and o b ta in ed  
reaso n ab le  agreement v/ith the exp erim en ta l  work o f  F is c h e r  
and Hoffman ( 1 0 0 ) as shown i n  Table 5 .
In  a s im i la r  way, M achlin attem pted  to  app ly  h i s  model 
to  the work o f  P a r lee  e t  a l  (85 ) and, a lth ou gh  s e v e r a l  
la r g e  assum ptions v/ere made, he o b ta in ed  f a i r  agreement w ith  
the  ex p e r im en ta l  d a ta ,
B irk s and Booth (101) have s tu d ie d  the mechanism o f  
the  r e d u c t io n  o f  ox ide  i n c l u s i o n s  by carbon i n  l i q u i d  ir o n  
during  vacuum f u s io n  a n a l y s i s .  The r a te  o f  r e a c t io n  was 
measured by th e  volume o f  carbon monoxide e v o lv e d  d u rin g  
' the q u ie s c e n t  s ta g e  and the  two were shown to  be r e l a t e d  by
1 -  | . t  = 1 -  ( | + )  . . . (103)
where V ~ volume o f  0 0  e v o lv e d  a t  any tim e t
•J*
Vv = t o t a l  amount o f  00 e v o lv e d  d u rin g  the
r e a c t io n  time f 1*. assuming t h a t  a l l  the  
p a r t i c l e s  are e q u a l ly  s i z e d  s p h e r e s .
P igu re  3k  shows a p l o t  o f  lo g  (1 ~ ^ +) a g a in s t  l o g
4*
(1 ~ -£+) and compares ex p er im en ta l  d a ta  on c a s t s  k i l l e d  w ith  
aluminium and s i l i c o n  + manganese w ith  a s t r a i g h t  l i n e  
through the o r i g i n  o f  s lope t h r e e ,  a cco rd in g  to  e q u a t io n  ( 1 0 3 ) .  
The good agreement betw een th e o r y  and experim en t i s  th o u g h t  
to  confirm  th a t  the d i s s o l u t i o n  o f  alumina i s  th e  r a te  
c o n t r o l l i n g  p r o c e s s ,  a lth ou g h  the  f i n a l  s t a g e s  p ro ceed  more
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end i s  thought to  he due to  e r r o r s  i n  d e term in in g  the tru e  
e n d -p o in t  o f  the  r e a c t io n  p lu s  the f a c t  t h a t ,  i n  the f i n a l  
s t a g e s ,  a la r g e  number o f  the  more e v e n ly  s i z e d  p a r t i c l e s  
may have d isap p eared  l e a v in g  o n ly  a few  l a r g e r  ones to  he  
reduced durin g  t h i s  p e r io d .
2 . 2 . 3 .  K in e t i c s  o f  m agnesia r e d a c t io n .
V
There i s  some v a r i a t i o n  i n  the r e s u l t s  g iv e n  i n  the
l i t e r a t u r e  on. the r e s i s t a n c e  o f  magnesium o x id e  to  l i q u i d
ir o n .  F a s t  (1 0 2 ) ,  i n  i n v e s t i g a t i o n s  on t h e 's u i t a b i l i t y  o f
d i f f e r e n t  c r u c ib le  m a t e r ia l s ,  o b ta in ed  h ig h e s t  p u r i t y  w ith
m agnesia c r u c i b l e s ,  
u
Kothemann, freppschuh and F is c h e r  (103) produced a 
c r u c ib le  by e l e c t r i c a l l y  f u s in g  m agnesia o f  d i f f e r e n t  g r a in  
s i z e s  and i n  t h i s ,  no r e a c t io n s  c o u ld  be observed  betw een  
c r u c ib le  and m e lt .  The same a u th ors  a l s o  found  (10^.) th a t  
no r e a c t i o n  c o u ld  be e s t a b l i s h e d  when fu s e d  m agnesia  was 
in tr o d u ce d  i n  powder form on to  the  ir o n  m elt and was 
allow ed  to  a c t  f o r  t h i r t y  m inu tes a t  10“"^  t o r r .  E a r l i e r  
work by .'/eber, F is c h e r  and E n ge lb rech t (105) c o n t r a d i c t s  the  
above r e s u l t s ,  s t a t i n g  th a t  s a t i s f a c t o r i l y  pure i r o n  c o u ld  
not be o b ta in ed  by m e lt in g  i n  magnesium ox id e  c r u c i b l e s ;  
the  lo w e s t  oxygen c o n te n t  o b ta in e d  was 0.012/O.
h a c h l in  (6lj.) has shown th a t  i f  tr a n sp o r t  i n  th e  l i q u i d
phase i s  the r a t e - c o n t r o l l i n g  f a c t o r  i n  both  d e o x id a t io n  and
«
m elt-m ag n esia  r e a c t i o n s ,  th en  from the r a te  e q u a t io n s  i t  
can be p r e d ic t e d  t h a t  a minimum oxygen l e v e l  w i l l  o c cu r ,  
which p e r s i s t s  u n t i l  the carbon c o n c e n tr a t io n  becomes v e ry  
low (1 ,  8b, 1 0 6 ) .  E a r l i e r  work o f  J.H.Moore (1 06 )  had
i n v e s t i g a t e d  the  k i n e t i c s  o f  oxygen t r a n s f e r  from magnesium 
o x id e  c r u c i b l e s  c o n ta in in g  i r o n .  In t h i s  work an oxygen
5 k
The oxygen c o n ten t  then  rose  v e r y  r a p id ly  and a f t e r  a
f a r t h e r  t h i r t y  m inutes had reached a va lu e  o f  0 . 050£>,
Brotzmann (1 0 7 ) r ep ea ted  t h i s  experim ent and o b ta in e d  •
o s t e n s i b l y  the same r e s a l t s ,  the  carbon and oxygen, c o n t e n t s
f a l l i n g  r a p id ly  when the  p ressu re  was low ered from 600 to
10 t o r r  and the  oxygen l e v e l  r i s i n g  r a p id ly  a t  low  carbon
c o n t e n t s .  From the f i n a l  a n a ly s e s  12g o f  oxygen was found
to  have been  absorbed by the 23 kg m elt  w i th in  an hour.
Winkler ( 1 ) has g iv e n  an account o f  work c a r r ie d  out
by Kraus (8 6 ) whose ex p er im en ta l  r e s u l t s  are shown i n
- 3F ig u r e s  3 5 -5 1 . A c o n s ta n t  p r e ssu re  o f  10 t o r r  was u sed  
and the  r a te  was measured by removal and c o l l e c t i o n  o f  the  
carbon monoxide e v o lv e d .  From t h i s  and a f i n a l  a n a l y s i s  o f  
the  m e l t ,  the manner i n  which the  carbon and 'oxygen  
c o n c e n tr a t io n s  changed during d e g a ss in g  co u ld  be e s t im a te d  
(F igu re  3 3 ) .  F igure  36 shows a p l o t  o f  a g a in s t  the  gas
c o n te n t  o f  the  m elt  where the  curved  p o r t io n  o f  th e  graph
r e p r e s e n t s  th e -c h a n g in g  r a te  a t  the  end o f  th e  b o i l  p e r io d .
dmThen f o r  the f i r s t  23 m inutes o f  the  q u ie s c e n t  p e r io d  jjr i s  
p r o p o r t io n a l  to  the  gas c o n te n t  o f  the  m elt and the  oxygen  
c o n te n t  f a l l s  as hovm i n  F igu re  33 . A p e r io d  i s  th e n  reached  
when ^  ten d s to  zero and the  oxygen c o n c e n tr a t io n  te n d s  to  
in c r e a s e ;  i . e .  an approach to  thermodynamic e q u i l ib r iu m  w ith  
MgO i s  made. The graphs show th a t  under Kraus’ e x p e r im e n ta l  
c o n d i t io n s  a ca rb o n -b ea r in g  m elt  o f  27 g (approx. 1+ c c )  
w ith  an i n i t i a l  carbon l e v e l  o f  600 ppm and an i n i t i a l  oxygen  
l e v e l  o f  50 ppm c o n ta in e d  i n  an e l e c t r i c a l l y  h e a ted  m agnesia  
c r u c i b l e ,  a minimum oxygen l e v e l  o f  0 , 0 0 1 2 'Vo was a t t a i n e d .  
T h is  began to  in c r e a s e  a f t e r  about 53 m inutes when th e  carbon
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B en n ett , Protheroe  and Ward (108) c a r r ie d  out  
i n v e s t i g a t i o n s  on vacuum d e o x id a t io n  from m agnesia  c r u c i b l e s ,  
i n  which th e y  examined the in f lu e n c e  o f  a g i t a t i o n  and argon  
pu rgin g  on the degree  o f  d e o x id a t io n  a c h iev e d . They found  
th a t  the degree o f  d e o x id a t io n  a ch iev ed  i n  m e lts  s u b j e c t  to  
a g i t a t i o n  by co n tin u o u s  sam pling (0 . 0007w/ o  [0]) was g r e a t e r  
than  i n  s t a t i c  m e lts  (0 . 001v/ o  [0]) and argon la n c in g  brought  
about a fu r th e r  improvement (0 . 0005w/o [p ] ) . (F ig u r e s  i n  
b r a c k e ts  are the f i n a l  oxygen f i g u r e s  a t ta in e d  by each  
t e c h n iq u e ) .  The f a c t  th a t  B ennett 1103) a c h iev e d  low er  f i n a l  
oxygen l e v e l s  than  Kraus (8 6 ) i s  due not o n ly  to  the  f a c t  
th a t  Kraus1 m e lts  were not su b je c te d  to  a g i t a t i o n ,  b u t a ls o  
because  the r a t i o  was g r e a t e r  i n  B e n n e tt ’ s c a se  andVffl
h i s  f i n a l  carbon l e v e l s  were h ig h e r .
Brotzmann Q.07) ha^ a lso  i n v e s t i g a t e d  the r e a c t i o n s  
betw een m agnesia and ir o n  m e lts  under reduced p r e s s u r e .
With p r e l im in a r y  ex p er im en ta l m e lts  o f  2kg and 25kg he 
found th a t  the  e f f e c t  o f  m oistu re  c o n te n t ,  the p r o p o r t io n  
o f  s i l i c a  and the p re trea tm en t o f  the  c r u c ib le  had to  be  
taken  in t o  a cco u n t. T h is he d id  u s in g  gas a n a l y s i s  to  
record  the q u a n t i t i e s  o f  carbon monoxide and hydrogen  
formed and by a n a ly s i s  o f  sam ples taken  from the  m e lt  f o r  
carbon, s i l i c o n  and oxygen. Oxygen d o n a tio n  from m agnesia  
was th en  c a lc u la t e d  by an oxygen b a la n c e .  With low  carbon  
m e lt s ,  q u a n t i t i e s  o f  ir o n  ox id e  were formed and absorbed  
by the  c r u c ib le  which le d  to  in a c c u r a c ie s  i n  an oxygen  
b a la n ce  and, t h e r e f o r e ,  f o r  s t u d i e s  w ith  magnesium ox id e  
o n ly  m e lt s  c o n ta in in g  carbon were used .
The main exp er im en ts  were concerned  w ith  th e  b eh a v io u r
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or tne c r u c ib le  on m e lt in g  ir o n  c o n ta in in g  c aria on as a 
f u n c t io n  o f  tem p erature , p r e ssu r e  and carbon c o n te n t  and 
to  m inim ise in t e r f e r e n c e  by water and s i l i c a  charge w e ig h ts  
of 25 kg were used .
In the t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  the r e s u l t s  the  
assum ption was made th a t  the MgO v/as reduced by ir o n  and 
th a t  the oxygen, then  formed, v/as removed by carbon as  
carbon monoxide. I t  was f e l t  t h a t ,  r a th e r  than the p r o d u cts  
of r e a c t io n  b e in g  t r a n s f e r r e d  a c r o ss  the m e ta l -g a s  i n t e r f a c e ,  
an e a s i e r  and more l i k e l y  rou te  would be through the  p o r e s  
of the  c r u c i b l e .  This was dem onstrated by a l lo w in g  the  
su rfa ce  o f  the m elt to  f r e e z e  over w h ile  the bu lk  o f  the  
m etal remained ju s t  above the  l iq u i d u s .  Only a s l i g h t  
* d ecrea se  i n  the r a te  o f  gas e v o lu t io n  v/as n o t ic e d  and 
1 Brotzmann, t h e r e f o r e ,  conclu ded  th a t  most o f  the  magnesium
[ and carbon monoxide p r o d u cts ,  formed by r e a c t i o n  at the
i
m e l t - c r a c ib le  i n t e r f a c e ,  were tra n sp o r te d  through the  
c r u c ib le  w a ll  and d id  not contam inate the m eIt .
A ctua l gas f lo w s  measured f o r  v a r io u s  carbon c o n t e n t s  
and p r e s s u r e s  are shown i n  f i g u r e  38 . C a lc u la t io n s  b a sed  
on the Hagen*Pois^xriHe e q u a t io n  r e s u l t  in  the  amount o f  ga s  ^
f o r  sm all gas f lo w s  or p r e s s u r e s  > 10 t o r r .
where M = amount o f  gas drawn through th e  r e f r a c t o r y .
f o r  la r g e  gas f lo w s  or p r e s s u r e s  K 10 t o r r .  
and M -  x _ 9 .q r  in   ^ 1
2
and P system  p r e s s u r e .
f i g u r e s  39 and ^0 show the v a lu e s  d e r iv e d  from t h e s e
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e q u a t io n s  p l o t t e d  as a f u n c t io n  o f  carbon c o n te n t  and 
p r e ssu re  f o r  a tem perature o f  1610° C en tig ra d e« In the  
range between. 0 .1  and 0*2 l i t r e s  (iiTP) per  minute 00 the  
v a lu e s  were c a lc u la t e d  by both  methods and, as can be seen  
from the f i g u r e s ,  th ere  i s  a t r a n s i t i o n  from one e q u a t io n  
to  the o th e r ,  A com parison o f  f i g u r e s  39 and U0 w ith  
f ig u r e  38 shows rea so n a b le  agreement not w ith s ta n d in g  the  
la r g e  assum ptions made. At low er tem p eratures (1530°C)  
la r g e r  d e v ia t io n s  were found .
f u j i i  and Araki (109) conducted  exp er im en ts  in  which  
e l e c t r o l y t i c  ir o n  was m elted  i n  a pure magnesia c r u c ib le  
under' a f lo w  of 100>t argon. A fte r  adding 0 - 0 . 8>6 carbon to  
the m olten  ir o n ,  the c o n c e n tr a t io n  o f  oxygen in  the  argon  
was c o n t r o l l e d  c o n s t a n t ly  a t  0 , 2 , 3 , 6 , 8 , 1 0 , 1 3 s 16 and 20% and 
the tem perature was c o n t r o l l e d  a t  1600° C en tig ra d e . The 
auth ors found th a t  by u s in g  t h i s  te c h n iq u e ,  which was 
p r i n c i p a l l y  to  a l lo w  un derstand in g  o f  the k i n e t i c s  o f  the  
0 - 0  r e a c t io n  i n  the  oxygen c o n v e r te r ,  d e c a r 'b u r isa t io n  v/as 
l i n e a r  w ith  time down to  0 . 15£> 0 independent o f  the  carbon  
c o n c e n tr a t io n  i n  the m olten  m e ta l .  This c o n s ta n t  r a te  o f  
decar’b u r i s a t io n  was in c r e a s e d  with an in c r e a s e  i n  the oxygen  
c o n c e n tr a t io n  o f  the atmosphere a cco rd in g  to  f i g u r e  i|-l.
The r a te  o f  su pp ly  o f  oxygen from the m agnesia  c r u c ib l e  
was a s s e s s e d  u s in g  an atmosphere o f  pure argon. Here, i n  
s p i t e  o f  the f a c t  th a t  the r e a c t io n  r a te  v/as e x p e c te d  to  be 
zero , the  r a te  o f  d e c a r b u r is a t io n  was, i n  f a c t ,  0 .2 7 3  
, (g /m in  x 10“* )^ a t  0.6>o C to  0 .2 6 8  (g /m in  x 10~^) a t  0 , 2%  0 
f o r  a b ath  v/eight o f  1 . d kg . T his was c o n s id e r e d  to  be due 
to  r e a c t io n  w ith  m agnesia and was deducted from the  t o t a l  
d eca r 'b u r isa t io n  r a te  on subsequent h e a t s  to  a s s e s s  the  tru e
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<_a ^  v_. v . . v ^  kj j .  u v  >-> i ^ j . i .  ■_*c , i  u  v , - j i  j . j . j .  u j . 1 1 ^  m c j - u  c ’ i i u .  a . t s c ; u t * . t r
oxygen, The oxygen c o n c e n tr a t io n s  in  the m olten  m eta l were 
found to  be below the  t h e o r e t i c a l  v a lu e s  i n  e q u i l ib r iu m  w ith  
carbon,
D ecar 'bu risa tion  r a te  v/as s tu d ie d  a t  tem p eratu res  o f  
1530, 1600 and 1650° C en tigrad e , and was found to  in c r e a s e  
l i n e a r l y  w ith  tem p erature , u’rom t h i s ,  the a c t i v a t i o n  energy  
f o r  the carbon-oxygen  r e a c t i o n  was found to  be 3 4 .6  k c a l / ’m ole,  
a va lu e  h ig h er  than th o se  o f  o th e r  workers thought to  be due
?
to  the f a c t  th a t  in  th e se  c a s e s  the p o l l u t i o n  r e a c t i o n  r a te  
v/as not su b tr a c te d  from the t o t a l  d e c a r b u r is a t io n  r a t e .
The e f f e c t  o f  v a ry in g  the  m etal depth  from 3 .1  -  7 .3  cm 
was found t o  have no e f f e c t  on the r a te  of carbon l o s s  which  
i s  not s u r p r is in g  s in c e  the C-0 r e a c t io n  d id  not r e l y  on
7 bubble fo rm a tio n  and the  — kil r a t i o  v/as rou gh ly  c o n s ta n t .
Vm
The e f f e c t  o f  the g a s -m e ta l  su r fa c e  area  was s tu d ie d  
by p la c in g  a s e r i e s  of m agnesia r in g s  on the  su r fa c e  o f  the  
m e ta l .  Again, the d e c a r b u r is a t io n  r a te  v/as c o n s ta n t  w ith  
time b u t ,  as e x p e c ted , th ere  was a d e c re a se  as the, in n e r  
diam eter  o f  the r in g  v/as reduced . The d e c a r b u r is a t io n  r a te  
by ga seou s oxygen was c a lc u la te d , by s u b tr a c t in g  the  
d e c a r b u r is a t io n  r a te  o f  the r e a c t io n s  f o r  both  the c r u c ib l e  
and the r in g  from the t o t a l  r a t e ,  A p l o t  o f  t h i s  r a te  
a g a in s t  the f r e e  su r fa c e  area  i s  shown i n  k ig u re  JLj.2 and i s  
su g g es ted  by the au th ors  as b e in g  a p p ro x im ate ly  l i n e a r ,
2 Comparison o f  data  on ox ide  d e c o m p o s it io n .
Wherever p o s s i b l e  the r a te  o f  oxygen su p p ly  from the  
v a r io u s  ox ide  m a te r ia ls  t e s t e d  and r ep o rted  i n  the l i t e r a t u r e  
has been c a lc u la t e d  in  terms o f  the  number o f  m oles o f  oxygen  
t r a n s f e r r e d /u n i t  a r e a /u n i t  time and th e se  v a lu e s  have been
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tv/o c a s e s  the o n ly  d im ension  of* the c n i c i h l e  g iv e n  was the  
diam eter  and i t  was n e c e s s a r y  to  c a lc u l a t e  the le n g th  o f  
the c r u c ib le /m e ta l-  i n t e r f a c e  u s in g  the charge w e ig h t .  In  
another c a se  o n ly  the charge w eight v/as g iv e n  and the  
assum ption  was made th a t  h = 2D where h = h e ig h t  o f  c r u c ib le  
and i) = . d i  ame t e r  o f  c rue i'ble *
C o n d it io n s  v a r ied  immensely from m elt to  m e l t ,  h u t even  
though the experim en ts are not t r u l y  comparable th e y  do 
serve  to  in d ic a t e  the  range o f  t r a n s f e r  r a t e s  which m ight be 
ex p ected  f o r  the v a r io u s  o x id e s .
The d ata  o f  ir u j i i  and Araki (109) and th o s e  o f  
Brotzmann (107) are i n  apparent agreem ent, c o n tr a r y  perhaps  
to  e x p e c t a t io n s  s in c e  Brotzmann1s work was c a r r ie d  out under 
vacuum and, t h e r e f o r e ,  the  oxygen l e v e l s  should  be low er  and 
the t r a n s f e r  r a t e s  h ig h er  than i n  the exp er im en ts  o f  i f u j i i  
whose work was done a t  one atmosphere p r e s s u r e .  Tv/o r e a so n s  
may account f o r  the h igh  r a te  observed  by k u i i i .  k i r s t l y  he 
took no account o f  the i n t e r f e r i n g  e f f e c t  o f  s i l i c a  and 
water c o n te n t s  o f  the  m agnesia (Brotzmann c o r r e c te d  h i s  d a ta )  
and se c o n d ly ,  he n o te s  th a t  the oxygen v a lu e s  i n  h i s  
exp erim en ts  are below  the  e q u i l ib r iu m  v a lu e s .  The f i r s t  o f  
th e se  r ea so n s  i s  l i k e l y  to  be the more im p ortan t. In  
accordance w ith  t h e o r e t i c a l  c o n s id e r a t io n s ,  Brotzmann 
o b ser v es  a d ecrea se  in  the  t r a n s f e r  r a te  w ith  a d e c r e a se  i n  
the d r iv in g  fo r c e  f o r  the  r e a c t io n  as c o n t r o l l e d  b y  th e  , 
p r e ssu re  and the  carbon c o n t e n t .  Kraus ( 8 6 ) o b ta in s  a low er  
v a lu e  than  e i t h e r  Brotzmann or f u j i i ,  but h i s  ex p er im en ts  
were c a r r ie d  out a t  low carbon l e v e l s ,  i . e .  about 100 xypm 
carbon and t h i s  i s  to  be e x p e c te d ,  from thermodynamic 
c o n s id e r a t io n s  alumina has been  shown to  be more s t a b le  than
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e x p e c te d ,  The work o f  P a r lee  e t  a l  (85 ) and P is c h e r  and 
Hoffmann ( 1 0 0 ) has confirm ed th e se  p r e d ic t io n s  showing the  
t r a n s f e r  r a te  from alum ina to  he 10-20  t im es  s lo w er  than  
from m agnesia . The in f lu e n c e  o f  a vacuum above th e  m elt  
su r fa c e  i n  sp eed in g  up the r e a c t io n s  i s  dem onstrated by the  
r e s u l t s  o f  f i s c h e r  ( 1 0 0 ) where the  r a te  i s  se en  to  in c r e a s e  
by a f a c t o r  o f  th ree  i n  comparison w ith  the  h igh  carbon m elt  
o f  P a r le e .
fh e  r e s u l t s  o f  Sharma and v/ard (97 ) on the  d i s s o c i a t i o n  
of s i l i c a  are c o n s i s t e n t  w ith in  th e m se lv e s ,  but are an order  
low er than th o se  r ep o rted  by Turkdogan (97 ) and Graham and 
Argent (99)* V/ard p o in t s  out th a t  the  d i f f e r e n c e  i n  the  
two s e t s  o f  r e s u l t s  may be due to  the p r e sen ce  o f  an
e le c t r o c h e m ic a l  r e a c t io n  as dem onstrated by the exp er im en ts  
o f  Grimble and v/ard ( 9 6 ) ,  a lth o u gh  t h i s  would h a r d ly  e x p la in  
the  d i s c r e p a n c ie s  between the r e s u l t s  o f v/ard and th o se  o f  
A rgent. Turkdogan has in d ic a t e d  th a t  low er r a t e s  are  
p o s s i b l e  when the p r o c e s s  i s  d i f f u s i o n - c o n t r o l l e d ,  but even  
so the t r a n s f e r  r a t e s  measured by ward cannot be f u l l y  
e x p la in e d  on t h i s  b a s i s .  I t  i s  p o s s i b l e ,  however, th a t  
both  the  sm oothness o f  the  t r a n s lu c e n t  s i l i c a  c r u c ib le  and 
i t s  geom etry ( t a l l  w ith  a sm all d iam eter)  are r e s p o n s ib le  
s in c e  th e s e  f a c t o r s  w i l l  i n f lu e n c e  the r a te  o f  removal o f  
oxygen from the  c r u c ib le  i n t e r f a c e .  The r e s u l t s  o f  Graham
4
and A rgent, as m ight be e x p ected  w ith  low er s i l i c a  a c t i v i t i e s ,  
are i n  g e n e r a l  agreement w ith ,  though a l i t t l e  lov/er th an ,  
th ose  r ep o rted  by Turkdogan. One f e a tu r e  o f  the  oxygen  
t r a n s f e r  r a t e s  p r e sen ted  i n  Table 6 n eed in g  f u r t h e r  
e x p la n a t io n  i s  the h igh  r a te  o f  d e c o m p o sit io n  o f  m agnesia
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prctaably be d is c o u n te d  s in c e  th e r e  i s  no e v id en ce  th a t  
c o r r e c t io n s  were made f o r  the d o n a tio n  o f  oxygen from o th e r  
so u rces  such as s i l i c a  and w ater , Brotzmann (1 0 7 ) ,  however, 
cla im ed  to  have accounted  f o r  th e s e  contam inants and i t  i s  
d i f f i c u l t  to  f i n d  e r r o r s ,  e i t h e r  i n  h i s  work or the  method 
o f  c a l c u l a t i o n ,  la r g e  enough to  g r o s s l y  a l t e r  h i s  r e s u l t s *  
Presumably the  e x p la n a t io n  l i e s  i n  the f a c t  th a t  t h i s  work 
v/as c a r r ie d  out under vacuum, th u s  g r e a t l y  fa v o u r in g  the  
d i s s o c i a t i o n  o f  m agnesia s in c e  b o th  p ro d u cts  o f r e a c t i o n  
are g a se o u s .  On the o th e r  hand, u n le s s  s i l i c o n  monoxide i s  
formed, o n ly  one product o f  the  s i l i c a - c a r b o n  r e a c t i o n ,  carbon  
monoxide, i s  gaseou s  and the a p p l i c a t io n  o f  a vacuum would 
not be e x p e c te d  to  in c r e a s e  the  r a te  o f  the s i l i c a  r e a c t io n  
to  the same e x te n t  as th a t  o f  m a g n e s ia . ‘
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I l l  B3QASSI&G- PROCESSES.
The purpose of ^ includ ing  a sh ort  s e c t i o n  on i n d u s t r i a l  
d e g a ss in g  i s  to  in d ic a t e  the l e v e l s  o f  gas removal which are  
b e in g  o b ta in ed  by the v a r io u s  te c h n iq u e s  and a l s o  to  attem pt  
to  i l l u s t r a t e  the c o m p le x i t ie s  o f  o b ta in in g  s t e e l s  w ith  low  
oxygen c o n te n t s  and th ereb y  low r e s id u a l  c o n t e n t s  o f  non-  
m e t a l l i c  i n c l u s i o n s .  S ev era l  rev iew s  o f  the  v a r io u s  vacuum 
d e g a ss in g  p r o c e s s e s  have been g iv e n .  h'und ( 1 1 0 ) and
ii
Sdstrom ( i l l )  b o th  gave summaries in  1962 and more r e c e n t l y  
J&'lux (112) has rev iew ed  d e g a ss in g  p la n t s  and Kketorp (113)  
has d e a l t  w ith  the more d i f f i c u l t  problem o f  c r i t i c a l l y  
comparing p r o c e s s e s  and t h e i r  ach ievem en ts .
P igure  A3, from F'lux (1 1 2 ) ,  shov/s s c h e m a t ic a l ly  the  
d e g a ss in g  methods which are c u r r e n t ly  i n  o p e r a t io n  and 
a lth ou gh  no f u r t h e r  e la b o r a t io n  o f  p r o c e s s  d e t a i l s  i s  
req u ired  h e r e ,  some com parison o f  d e g a ss in g  e f f i c i e n c y  i s  
needed to  h i g h l i g h t  the f a c t o r s  c o n t r o l l i n g  the  removal o f  
oxygen.
1 . hydrogen rem oval.
The a b i l i t y  o f  a p r o c e s s  to  remove hydrogen i s ,  to  some 
e x t e n t ,  a gu ide a l s o  to  i t s  a b i l i t y  to  remove oxygen by the  
carbon-oxygen  r e a c t io n  s in c e  such f a c t o r s  as the  area  o f  
s t e e l  su r fa c e  exposed  are im p orta n t. J?‘or t h i s  r ea so n  d a ta  
on hydrogen removal by the  v a r io u s  te c h n iq u e s  has been  
com piled  ( l l i j .-1 2 3 )  and i s  shown i n  f i g u r e  kk  and Table 7 .
A true  com parison can o n ly  be done, o f  c o u r se ,  i f  sam pling  
and a n a l y t i c a l  technique-s are c o n s i s t e n t .  However, t h i s  i s  
n ot the c a se  and samples have been  taken  from the  l a d l e ,  
teem ing stream , in g o t  head and machined from th e  in g o t .
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j'roin f i g u r e  qq ana Taoie ( ,  i t  can be seen  th a t  stream  
d e g a ss in g  (U/4, 115) i s  the most e f f i c i e n t  and g i v e s  the  
lo w e s t  hydrogen l e v e l s ,  many "below 1 ppmc The d i l a t i o n  
(116 , 11?) and c i r c u l a t o r y  p r o c e s s e s  (1 2 1 ) ,  the i>H and RH 
r e s p e c t i v e l y ,  come n ex t  and s t a t i c  l a d le  d e g a s s in g  ( 1 1 8 , 1 1 9 ) 
i s  p o o r e s t ,  b a t  can be brought up to  the same l e v e l  as the  
RH by a g i t a t i n g  the  s t e e l  w ith  b a b b le s  o f  argon i n j e c t e d  
through a porous p lu g  i n  the base o f  the  l a d l e  (1 1 8 ) .
R e s u lt s  from Domnarvet (1 1 9 ) ,  however, where a s im i la r  p r o c e s s  
i s  i n  use f i t  on the  same carve  as th o se  from Beardmore L t d . ,  
which do not have argon i n j e c t e d ,  The c o n c lu s io n  might be 
drav/n th a t  the  method and /  or q u a n t i t i e s  o f  gas in tr o d u ce d  
a t  bomnarvet are inadequate  and f u r th e r  improvement cou ld  be 
made •
W ahlster ( 1 2 1 ) and h e h i11an (1 1 8 ) ,  though w ith  d i f f e r e n t  
p r o c e s s e s  (RH and s t a t i c  l a d l e  r e s p e c t i v e l y ) ,  b o th  r ep o r t  
th a t  gas a g i t a t i o n  s e r v e s  to  m a in ta in  a c o n s i s t e n t l y  low  
hydrogen l e v e l  which i s  shown up by the  la ck  o f  c o r r e l a t i o n  
betw een i n i t i a l  and f i n a l  hydrogen l e v e l s .
The e f f e c t  o f  su r fa c e  area  exposed  to  vacuum i s  n o t  o n ly  
i l l u s t r a t e d  by the d i f f e r e n c e  betw een  the in d iv i d u a l  p r o c e s s e s  
but a ls o  by the r e s u l t s  on open, s e m i - k i l l e d  and f u l l y  k i l l e d  
s t e e l s  ( l l h , 1 2 2 ) ,  the  form er having a h ig h e r  e f f i c i e n c y  o f  
hydrogen removal f o r  a g iv e n  hydrogen l e v e l .  The e f f e c t  o f  
the  y  r a t i o  can a l s o  be se e n  from the  r e s u l t s  o f  McMillan 
(118) w ith  d i f f e r e n t  s i z e d  l a d l e s .  The 20 to n  n o n - a g i ta t e d  
h e a ts  are a lm ost comparable w ith  t h e '80 to n  a r g o n -a g i t a te d  
h e a t s .  In  s p i t e  o f  th e s e  c o n s id e r a t io n s ,  a c o n s id e r a b le  
amount' o f  hydrogen removal i s  o b ta in ed  by means o f  d i f f u s i o n  
to  the f r e e  su r fa c e  r a th e r  than by en tra in m en t i n  b u b b le s
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b i l l e d  s t e e l s .
A lthough th e r e  are d i f f e r e n c e s  "between p r o c e sse s*  most 
te c h n iq u e s  seem to  'be capab le  o f  o b ta in in g  l e s s  than  3 ppm 
o f  hydrogen a f t e r  trea tm en t b u t ,  -whilst t h i s  may be s u f f i c i e n t  
f o r  many a p p l i c a t io n s ,  th e re  are s t i l l  grave doubts about the  
a b i l i t y  o f  most p r o c e s s e s  to  t r e a t  s t e e l  s a t i s f a c t o r i l y  f o r  
the  p r o d u c t io n  o f  la r g e  f o r g in g  i n g o t s .  Vacuum c a s t i n g  a lon e  
i s  proven, i n  t h i s  r e s p e c t  and to  g iv e  freedom from h a i r l i n e  
c r a c k in g ,  e s p e c i a l l y  i n  low su lphur and h e a v i ly  worked s t e e l s ,  
f i n a l  hydrogen l e v e l s  o f  1 .5  ppm seem to  be e s s e n t i a l .
2 .  Oxygen rem oval.
V a r ia t io n s  i n  s tee lm a k in g  te c h n iq u e ,  d e o x id a t io n  p r a c t i c e  
and s t e e l  c o m p o s it io n  p r o h ib i t  a g e n e r a l  com parison o f  oxygen  
removal by vacuum d e g a s s in g .  D i f f i c u l t i e s  are in c r e a s e d  by  
v a r ia t i o n s  and in a c c u r a c ie s  i n  sam pling and a n a l y t i c a l  
te c h n iq u e s ,  p a r t i c u l a r l y  a t  low  oxygen l e v e l s .
As p o in te d  out by Kketorp ( 1 1 3 ) ,  b e s i d e s  the  e f f e c t  o f  
prom oting a r e a c t i o n  betw een  carbon and oxygen, vacuum 
d e g a ss in g  improves the r a te  o f  e l im in a t io n  o f  o x id e  i n c l u s i o n s  
due to  the  tu rb u len ce  c r e a te d .  The two e f f e c t s  can  be  
i s o l a t e d  such th a t  d e o x id a t io n  i s  c a r r ie d  out o n ly  by  means 
o f  the  carb on-oxygen  r e a c t i o n  ( 1 2 4 ) or by means o f  the  
a d d i t io n  o f  aluminium ( 1 2 3 ) i n  which ca se  the  trea tm en t  i s  ^ ' 
l im i t e d  to  the  removal o f  o x id e s  to  f r e e  s u r f a c e s .  A l l  th e  
in t e r m e d ia r ie s  betw een th e s e  two form s are p o s s i b l e  and much 
work i s  a t  p r e s e n t  b e in g  done to  f i n d  the procedure  b e s t  
s u i t e d  to  in d iv id u a l  r eq u irem en ts .  v7ahlster ( 1 2 1 ) h as  shown 
(F igu re  45) th a t  the f i n a l  oxygen c o n te n t  a f t e r  trea tm en t  
depends p a r t l y  on the i n i t i a l  oxygen l e v e l  and p a r t l y  on
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d e o x id a t io n ,  the lo w e s t  v a lu e s  b e in g  a ch iev ed  when the s t e e l  
i s  i n  the 1 open‘ c o n d i t io n .  S im i la r ly  P erry  (121+) d e s c r ib e s  
a carbon d e o x id a t io n  p r a c t i c e  employed a t  R epublic  S t e e l  C o.,  
on 90 to n  h e a t s  u s in g  the i n d u c t i o n - s t i r r e d  l a d l e  tech n iq u e  
shown i n  P igure  i+3b, Here the carbon-oxygen  r e a c t i o n  s t a r t s  
at  600-500  to r r  and rea ch es  i t s  maximum a t  30-10  t o r r .  A f te r  
rea ch in g  a base p r e ssu re  o f  0 .1  t o r r ,  a sh o r t  p e r io d  i s  
allow ed  b e fo r e  a l l o y s ,  d e o x id e n ts  and p o s s i b l y  carbon are  
added. Table 6 shows th a t  0 .1  -  1.0% C s t e e l s  produced by 
t h i s  procedure have low er oxygen and n i t r o g e n  c o n te n t s  than  
by c o n v e n t io n a l  two s la g  p r a c t i c e .
Even so ,  w ith  s t e e l s  d e o x id is e d  w ith  the  l e s s  a c t i v e  
e lem en ts  such as s i l i c o n  or manganese, the  oxygen c o n te n t  
can u s u a l ly  be reduced, Por example, Leach and Sorby (116)  
have found t h a t ,  p r o v id in g  the  carbon c o n te n t  i s  h ig h ,  oxygen  
l e v e l s  o f  8.0-60 ppm i n  the  fu rn ace  (double s la g  p r a c t i c e )  can  
be low ered by 50%.
Innumerable com b inations o f  carbon d e o x id a t io n  and a l l o y  
d e o x id a t io n  can be con tem p la ted . V/alilster i n  com m unication  
to  Eketorp (113) has r ep o r ted  r e s u l t s  from 100 to n  b a s ic  open  
h e a r th  h e a t s  c o n ta in in g  .18% C, .35% S i ,  1 . i+% Mu, ,03% A l,  
which were tapped w ith  an oxygen c o n te n t  o f  about 500 ppm, 
the req u ired  manganese b e in g  added to  the l a d l e .  »7ith the  
f i r s t  method a i l  the  s i l i c o n  was added to  tlie  l a d l e  and an 
aluminium a d d i t io n  o f  o .6  k g / t o n  was made 5 -7  m inu tes  b e fo r e  
the end o f  vacuum tr e a tm en t .  The second tec h n iq u e  was to  
f u l l y  d e o x id is e  the s t e e l  w ith  an alur.iini.im a d d i t io n  to  the  
l a d le  p r io r  to  d e g a s s in g .  The r e s u l t s ,  which are g iv e n  .in 
P igure  1+6 and which are the average v a lu e s  o f  a la r g e  number 
of h e a t s ,  show th a t  the lo w e s t  f i n a l  oxygen c o n t e n t s  are
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t h e r e f o r e ,  i t  cannot be taken  f o r  granted  th a t  a com b ination  
or carbon d e o x id a t io n  p lu s  p r e c i p i t a t i o n  d e o x id a t io n  y i e l d s  
b e t t e r  r e s a l t s  than the l a t t e r  a lo n e . Knaggs and Broxham 
( 125) have p u b l ish e d  d ata  con cern in g  d i f f e r e n t  d e o x id a t io n  
t e c h n iq u e s  used v/ith the l a d l e  to  la d le  stream d e g a s s in g  o f  
110 to n  p l a i n  carbon and l o w - a l lo y  s t e e l  h e a t s ,  where 20 -3 0  
h e a ts  were t r e a t e d  acco rd in g  to  each te c h n iq u e .  The f i n a l  
oxygen c o n te n t s  a ch iev ed  by each  techn iqu e  are shown as  
freq u en cy  cu rv es  i n  f i g u r e  47 , from which i t  can be se e n  th a t  
methods C and X), which in v o lv e  the  vacuum trea tm en t  o f  
ord in ary  double s la g  s t e e l s  and o f  s i l i c o n  k i l l e d  s i n g le  s la g  
s t e e l s  y ie ld e d  much b e t t e r  r e s u l t s  than normal p r a c t i c e .  . The 
lo w e s t  oxygen c o n te n ts  o f  about 17 ppm were o b ta in e d  when the  
p r e lim in a r y  d e o x id a t io n  was j u s t  pow erfu l enough to  g iv e  
s u f f i c i e n t  d i s p e r s io n  o f  the  stream  dar ing  d e g a s s in g  (E and E ).  
Kato e t  a l  (126) have shown th a t  i t  i s  p o s s i b l e  t o  c o n t r o l  
carbon d e o x id a t io n  to  such an e x te n t  th a t  s e m i - k i l l e d  s t e e l  
can be produced by means o f  jDH vacuum tr e a tm e n t .  They f i r s t  
e s t a b l i s h e d  the  r e l a t io n s h ip  betw een  the  momentary oxygen  
c o n te n t  o f  the  s t e e l  and the p r e ssu r e  change i n  th e  sy stem .
By means o f  t h i s  c o n t r o l  o f the oxygen c o n te n t  th e y  were a b le  
to  make the  aluminium a d d i t io n  r eq u ire d  to  g iv e  th e  d e s i r e d  
in g o t  s t r u c t u r e .
Aluminium can become a h ig h -g ra d e  d eo x id a n t p r o v id e d  th e
i i  *
d e o x id a t io n  p ro d u cts  can be removed. P lo c k in g e r  (127) and 
T o r s e l l  (128) have both  dem onstrated  the im portance o f  
c o l l i s i o n s  and tu rb u len ce  i n  the  s e p a r a t io n  o f  d e o x id a t io n  
p r o d u cts ,  p a r t i c u l a r l y  th o se  o f  aluminium. Bore d e t a i l  i s ,  
t h e r e f o r e ,  needed on the e x te n t  o f  tu rb u len ce  (1 2 9 )  r e q u ir e d
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■be d e s ig n ed  w ith  t h i s  i n  mind U 1 3 ,  1 3 0 ) .  P a r t i c u l a r l y  w ith  
aluminium d e o x id is e d  s t e e l  ca re  must he taken  to  avo id  a i r  
o x id a t io n  hy teem ing i n  an i n e r t  or red u c in g  atm osphere. In  
t h i s  c o n n e c t io n  Leach and hatson  (115) have dem onstrated  th a t  
l a d le  to  mould stream d e g a ss in g  y i e l d s  a c le a n e r  s t e e l  and 
a t t r i b u t e  t h i s  to  the la c k  o f  o x id a t io n  on teem in g .
E very th in g  p o in t s  to  the  f a c t  th a t  aluminium w i l l  f i n d  
wider use as a d eo x id en t  than  e v er  b e fo r e ;  and vacuum d e g a s s in g ,  
d e s p i t e  e a r l i e r  optimism w ith  carbon d e o x id a t io n ,  w i l l  he 
ah le  to  p ro v id e  a s s i s t a n c e  i n  t h i s  r e s p e c t  s in c e  hy t h i s  means 
a d d i t io n s  can he made w ith  much more p r e c i s i o n .  In  r e a l i t y  
no h ig h er  aluminium c o n te n t s  than ahout o 0o2% are r eq u ire d  
to  ensure an oxygen l e v e l  as low as th a t  obtainable-' i n  
p r a c t i c e  w ith  carbon i n  s p i t e  o f  the  f a c t  t h a t ,  t h e o r e t i c a l l y ,  
carbon under vacuum should  he a more p o te n t  d e o x id a n t  than  
aluminium as k ig u re  U8 (3 )  shows. In p r a c t i c e  e q u i l ib r iu m  
i s  f a r  from o b ta in ed , even  under the  b e s t  c o n d i t io n s  as  
r e p r e se n te d  hy vacuum in d u c t io n  m e lt in g ,  and v a lu e s  low er  
than th o se  co rresp on d in g  to  an e q u il ib r iu m  p r e ssu r e  o f  carbon  
monoxide o f  75-100  to r r  are r e a r e l y  o b ta in e d  w ith  carb on .
.b’igu re  i l l u s t r a t e s  a c o l l e c t i o n  o f  data  on the  carbon and 
oxygen v a lu e s  a ch iev ed  w ith  th r ee  o f  the  major p r o c e s s e s  
where a d d i t io n  o f  d e o x id a n ts  has n o t  been  made. In fo rm a tio n  
from pap ers by S ic k b er t  (131) and Samarin (132) h a s  
supplem ented works data  on the  DH p r o c e s s  o p e r a te d  by the  
E n g lish  S t e e l  C orp oration , S h e f f ie ld . -  T h is  diagram shows 
t h a t ,  i n  g e n e r a l ,  a l l  the w e l l - t r i e d  d e g a ss in g  methods  
ach iev e  s im i la r  oxygen l e v e l s ,  none are as good as vacuum 
in d u c t io n  m e lt in g  i n  terms o f  oxygen l e v e l s  a t t a in e d  and y e t ,
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The lo w e st  carbon x oxygen p rod u cts  are a ch iev ed  near to  
the  s t o ic h io m e t r ic  l i n e  where both  carbon and oxygen are  
p r e se n t  i n  s u f f i c i e n t  amounts s i n c e ,  as has b een  shown 
e a r l i e r ,  the r a te  a t  which the m in o r ity  s p e c i e s  d i f f u s e s  to  
gas-m etal. i n t e r f a c e s  can c o n t r o l  the k i n e t i c s  o f  the  C-0 
r e a c t i o n .  The r a te  th a t  t h i s  r e a c t io n  p ro ceed s  i n  the  
v a r io u s  d e g a ss in g  p r o c e s s e s  has been  s tu d ie d  o n ly  i n  s l i g h t  
d e t a i l  and m ention w i l l  be made o f  th e se  s t u d i e s  i n  the  
d i s c u s s i o n .  The in f lu e n c e  o f  the d i s s o c i a t i o n  o f  o x id e s  
p r e se n t  i n  the s la g  and r e f r a c t o r i e s  and the p r e se n c e  o f  
n o n -m e ta l l ic  i n c lu s i o n s  b oth  on the  f i n a l  oxygen l e v e l s  
a t t a in e d  and on the shape of the cu rv es  i n  F igu re  U9 9 i s ,  
as y e t ,  unknown. .7ith t h i s  i n  mind the aim o f  the  worm r e ­
p o r ted  in  t h i s  d i s s e r t a t i o n  was to  prov ide  new in fo r m a tio n  
on the mechanisms o f  o x id e -m e ta l  r e a c t io n s  and the  so u rc es  
and k i n e t i c s  o f oxygen d o n a tio n  during  the d e g a s s in g  o f  
s t e e l  by the DH p r o c e s s .
6 9
v n / u  AaJii XMV WAV. O. .l!il V X MJZJIN JL U »
I 1 .  APPARATUS AND GENS HAL PROCEDURE.
The apparatus f o r  t h i s  s tu d y  had to  he d e s ig n e d  and 
b u i l t  a t  the  commencement o f  the  p r o j e c t .  Help v/as 
req u ire d  from e l e c t r o n i c  e n g in e e r s  i n  the  assem bly  o f  
p a r t s  o f  the  gas a n a ly s e r  b u t o th e rw ise  the  equipment v/as 
b u i l t  and m ain ta in ed  under the d i r e c t i o n  o f  the  au th o r .
Over a year  was sp en t i n  p la n n in g ,  making, and a ssem b lin g  
the v a r io u s  p i e c e s  o f  equipment and a f u r t h e r  s i x  months 
were needed to  d ev e lo p  the  b e s t  ex p er im en ta l  t e c h n iq u e s  
commensurate w ith  o b ta in in g  a h ig h  degree  o f  accu ra cy .  
Photographs o f  the fu rn ace  and a n c i l l a r y  equipment are  
shown i n  F ig u r e s  50 and 51 and a schem atic  diagram o f  the  
arrangement i s  shown i n  F igure  5 2 . I t  i s  com prised  o f  a 
51b vacuum in d u c t io n  fu rn ace  assem bly  to  which has been  
made s u i t a b l e  a ttach m en ts  f o r  m eta l and ga s  sam pling ,  
p r e ssu re  c o n t r o l  and f lo w  measurement. By the  s id e  o f  the  
fu rn ace  and g e n e ra to r  was c o n s tr u c te d  an apparatus f o r  
the  a n a l y s i s  o f  the g a seou s  atmosphere i n  the  fu rn a ce  
chamber.
1 . 1 . H ea tin g .
A Radyne C .90 , 24-50 K c/s  g e n e ra to r  h av in g  an outp ut  
o f  12 kW and h av in g  water c o o l in g  a t  the r a te  o f  10 l i t r e s  
p er  minute was used to  in d u c t io n  h ea t  th e  m eta l lo a d .  The 
working c o i l  v/as c o n s tr u c te d  o f  l “ x -jj,! copper s t r i p  w ith  
a J 11 d iam eter  copper tube b razed  to  i t  to  c a r r y  the  power 
and c o o l in g  w ater from the g e n e r a to r .  I t  was made up o f  
f i v e  tu r n s ,  a cco rd in g  to  the m anufacturers* recomm endation, 
( th e  h e ig h t  b e in g  to  f u l l y  cover  the m a te r ia l  to  be  
m elted )  and p la c e d  o u t s id e  the  vacuum v e s s e l  to  a v o id
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p o s i t i o n i n g  a l s o  p rov id ed  more room i n s id e  the  vacuum 
v e s s e l  and l e s s  s e a l s  were r e q u ir e d ,  thu s r ed u c in g  the  
chances o f  le a k a g e .
P re lim in a r y  a i r  m e lt s  w ith  t h i s  equipment were 
u n s u c c e s s f u l ,  the 51b charge n ot q u i te  r ea c h in g  the  
m e lt in g  p o in t  o f  i r o n .  On th e  m a n u fa c tu rers’ recommendation  
a Radyne M ica-S tack , o i l  c o o le d ,  lo a d in g  con d en ser  o f  
0 .0 6  mP c a p a c i t y ,  w ith  se p a r a te  water c o o l in g  a t  a r a te  
o f  3 l i t r e s  p er  m inute , was s i t e d  as near a s  p o s s i b l e  to  
the  work c o i l *
Magnetic f i e l d s  o u t s id e  the  c o i l ,  found to  cau se  
h e a t in g  o f  the s t e e l  framework were reduced by r e p la c in g  
the  m ild  s t e e l  w ith  aluminium wherever p o s s i b l e  and by  
b reak in g  up any surrounding c o n s t r u c t io n  w ith  an i n s u l a t i n g  
m a te r ia l  such as  Sindanyo. Using t h i s  equipment i t  h as  
b een  p o s s i b l e  to  m elt  dov/n a 51b charge i n  l e s s  th an  an 
hour on 6 -7  kvv f u l l  lo a d .  U s u a l ly ,  however, a p r e h e a t in g  
tim e o f  ~ U hours has been  used  so th a t  the c r u c i b l e  
might be g r a d u a l ly  h ea ted  i n  order to  avo id  c r a c k in g ,  
premature b rea k o u ts  due to  h o t  s p o t s  and e x c e s s i v e  therm al  
g r a d ie n t s .
Vacuum v e s s e l .
The vacuum v e s s e l  had to  be im perm eable, r e s i l i e n t ,  
e l e c t r i c a l l y  i n s u l a t i n g ,  a b le  to  w ith s ta n d  therm al g r a d ie n t s  
and shocks and s t a b le  a t  the  p r e s s u r e s  and tem p era tu res  
in v o lv e d .  The c h o ic e  f o r  ch eap n ess  and good d im e n s io n a l  
t o le r a n c e  v/as a t r a n s lu c e n t  v i t r e c r s i l  m a t e r ia l ,  th ew
dim ension s o f  which v/ere d e c id e d  by th e  s i z e  o f  th e  c r u c i b l e  
/ and the minimum c r o s s - s e c t i o n a l  area  which would a c c e p t  a
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■bubbling tube to g e th e r  w ith  t h e i r  O -ring s e a l s *  With
th e se  th in g s  i n  mind the  v e s s e l  f i n a l l y  ch osen  was a tube  
1 !*2ku £  — lo n g ,  the  ends b e in g  ground f l a t  to  th e  a x i s
32 + iand machined to  511 *=^0.010" f o r  14" * l e n g t h s  w ith  a -
l l "  _ 3 2ll4-,! minimum to  kj~^ maximum b o r e ,  6 - /  mm w a l l  and g la z e d
i n s id e  and o u t s id e .  The ends o f  the tube were s e a l e d  by
VIT O -rin gs com pressed by machined aluminium c a p s .
1 ,3 * Charging and m e l t in g .
The v e s s e l  was d e s ig n e d  to  be charged from th e  bottom ,
the c r u c ib l e  and i t s  support r e s t i n g  on the  aluminium
bottom  cap which was b o l t e d  in t o  p o s i t i o n  a f t e r  c h a r g in g .
The c r u c ib le  assem bly , shown i n  F igu re  53* c o n s i s t s  o f  a
c y l i n d r i c a l  m u l l i t e  s l e e v e  i n t o  which was f i t t e d  a c r u c ib le
o f  the  m a te r ia l  under i n v e s t i g a t i o n ,  the  gap  ^ betw een  th e
two b e in g  t i g h t l y  packed w ith  fu s e d  alumina powder (200 mesh)
and topped w ith  a packed r in g  o f  a s b e s t o s  w ool. The
assem bly  was th en  cemented onto  an a l u m i n o - s i l i c a t e  s e a t
and support tube u s in g  alumina cem ent. O x id a t io n  r e a c t i o n s
from c r u c i b l e s - c o v e r in g  a range o f  a l u m i n o - s i l i c a t e
m a t e r ia l s ,  from n e a r ly  pure s i l i c a  to  n e a r ly  pure alum ina,
and c r u c i b l e s  c o n s i s t i n g  o f  90% m agnesia were exam ined.
In the  p r e l im in a r y  m e lt s  the  i n i t i a l  charge was 31b
o f  m ild  s t e e l  r o d s ,  d iam eter  x 5 n lo n g ,  which were
m elted  down and th en  21b o f  -P* d ia m eter  m ild  s t e e l  rod s
was f e d  in t o  the  m e lt  through the vacuum l o c k .  The ^<f
d iam eter  rod- was i n  2 f t .  l e n g t h s ,  tapped and c u t  a t  each
end to  a 2 B.A„ th r ea d . D i f f i c u l t i e s  soon a r o s e ,  however,
which made t h i s  method o f  c h a rg in g  im p r a c t ic a b le .
B r id g in g  o f  the i n i t i a l  charge occu rred  on m e lt in g  c a u s in g  
h ot s p o t s  and b rea k o u ts  o f  m eta l and ramming th e  b r id g e
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dj x,ne r e e a e r  roa onuy succeeciea m  f u r th e r  c ra c k in g  or  
the c r u c i b l e . ■ Another d i f f i c u l t y  was th a t  th e  f e e d e r  rod  
had to  he f r e e  from r u s t  and o i l*  w ith  a p o l i s h e d  s u r f a c e ,  
which p r e s e n te d  s to r a g e  problem s and demanded tim e-consum ing  
la b o u r .
The second (.and p r e s e n t  method) o f  ch a r g in g  was to  
suspend a 51b b lo c k  o f  i r o n  away from the c r u c ib le  s i d e s  
and th en  low er i t  in t o  th e  c r u c ib le  when th e  tem perature o f  
the  i r o n  was about 1 ,0 0 0 °  c e n t ig r a d e .  In  t h i s  manner the  
c r i t i c a l  ex p a n s io n  d i f f i c u l t i e s  betw een  c r u c ib le  and charge  
were avo ided  and su b seq u e n t ly  th ere  were v e r y  few  b r e a k o u ts .
The charge c o n s i s t e d  o f  pure i r o n  machined to  a c y l in d e r
2%u d iam eter  x 3 i u w ith  a 2 B.A. x th rea d  tapped  i n t o
the c e n tr e  o f  one f a c e .  A fte r  d e g r e a s in g  and s h o t b l a s t i n g  
the  b lo c k  was suspended, w ith  the  2 B.A. ta p p in g ,  by a
d iam eter  rod through the vacuum lo c k .
The carbon c o n te n t  o f  th e  m elt was c o n t r o l l e d  by  
p la c in g  th e  r eq u ire d  amount o f  g r a p h ite  on top  o f  th e  i r o n .  
T his produced l o c a l i s e d  m e lt in g  a t  th o se  a r e a s  w ith  which  
i t  was i n  c o n t a c t ,  but the  l i q u i d  m eta l rem ained on top o f  
the  charge and m e lt in g  was m ain ly  from the bottom  o f  the  
charge upwards. By t h i s  tech n iq u e  a y i e l d  o f  about 100% 
was a c h iev e d  i n  the 0 .1 0 $  C. range , but a s l i g h t  l o s s  
occu rred  i n  the 1 ,0 $  C. ran g e . In  a few  m e lt s  a r id g e  o f  
m eta l v/as formed around the  c r u c ib le  p e r im e te r  which  
su b seq u e n t ly  gave d i f f i c u l t i e s  w ith  therm ocouple i n s e r t i o n .  
l*Uc Pumping e quipment and plum bing.
I t  was v i s u a l i s e d  th a t  a t  p r e s s u r e s  g r e a t e r  than
1 t o r r ,  the  r a te  o f  gas  e v o lu t io n  from the  m elt  would be  
w ith in  the  c a p a c i t y  o f  a r o ta r y  pump bu t th a t  b e low  1 t o r r ,  
an o i l  d i f f u s i o n  pump would be n e c e s s a r y .
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' o i l - s e a l e d  r o ta r y  pomp I SC 50B (F ig u re s  52 and 54) which
the  m anufacturers c la im ed  to  have an u l t im a te  vacuum o f
0*005 t o r r  w ith ou t b a l l a s t  and 0*5 to r r  w ith  b a l l a s t
(US l i t r e s  per minute d is p la c e m e n t ) .  With the  empty
v e s s e l  s e a le d  o f f  a t  the b a l l  v a lv e ,  therm ocouple , ga s  and
p r e ssu re  l i n e s ,  a f i n a l  p r e ssu r e  o f  l e s s  than  0*005 t o r r
cou ld  be reach ed , but w ith  a l l  the  l i n e s  open and the  
charged c r u c ib le  i n  p o s i t i o n ,  the u l t im a te  p r e s su r e  v a r ie d
from 0 .0 1  to  0 .0 3  t o r r ,  and 0 .5 0  t o r r  w ith  b a l l a s t .  The
lea k  r a te  from 0 .0 3 0  to r r  and with a l l  l i n e s  open v/as
0 .1 0  to r r  per  hour. The system  was checked b e fo r e  each
m elt  a f t e r  pumping down and i f  the  p r e ssu re  reached  was l e s s
than  0 .0 5  t o r r  th en  i t  was regarded  as o p e r a t io n a l .  Pumping
down w ith  gas b a l l a s t  f o r  a t  l e a s t  12 hours was n e c e s s a r y
to  remove water vapour g iv e n  o f f  from the c r u c i b l e  and.
therm ocouple c o n s t r u c t io n s .
The pump l i n e  v/as f a b r ic a t e d  from l u i . d .  copper  tu b in g
and con n ected  to  th e  bottom aluminium p l a t e  v i a  a f l e x i b l e
c o n n e c t io n .  An i s o l a t i o n  v a lv e  and P2O5 m° i s t u r e  tra p  were
f i t t e d  to  the pump and a p r e ssu r e  c o n t r o l l e r  was f i t t e d  as
near as p o s s i b l e  to  the  vacuum v e s s e l .  A second r o ta r y
pump P2 , Edwards 3S35> w ith  an i s o l a t i o n  v a lv e  and m o is tu r e
tr a p ,  was used  to  pump down the  vacuum lo ck  d u rin g  sam p lin g ,
i t  b e in g  c o n t r o l l e d  by  an e le c tr o m a g n e t ic  v a lv e  ELlV.l. I t
had an u lt im a te  p r e ssu r e  o f  0 .0 1  t o r r .  T his pump c o u ld  be
u t i l i s e d  to  g iv e  f a s t e r  pumpiiig down o f  the whole s 3Tstem
when r e a u ir e d .  Plumbing l i n e s ,  rl o . d . ,  were c o n n e c te d
16
from P2 by SMV.l, to  the manometer and by EMV.2. to  the  
McLeod gauge and to  the vacuum v e s s e l  a t  the  g u id e  tube by  
EMV.3. Carbon monoxide, hydrogen and argon l i n e s  were
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"by n e e d le  v a lv e s  p lu s  F is c h e r  and P o rter  f lo w m e te r s  ( 0 .5  
l i t r e s  per m in u te ) ,  T r ia l  m e lt s  had p r e v io u s ly  b een  
c a r r ie d  out u s in g  vacuum ta p s  as a means o f  c o n t r o l ,  hut  
th e s e  were f r a g i l e  when unsupported i n  the plum bing l i n e  
and g r e a t  care  was req u ired  i n  o p e r a t io n  to  p r e v e n t  breakage  
or le a k a g e .  Replacement by e le c tr o m a g n e t ic  v a lv e s  a llo w ed  
a much more ro b u st  and compact plumbing l i n e  w ith  th e  v a lv e s ,  
t h e i r  r e c t i f i e r s  and o n - o f f  sw itc h e s  e a s i l y  a c c e s s i b l e  *
A fte r  a few  m e lt s  the e le c tr o m a g n e t ic  v a lv e s  and n e e d le  
v a lv e s  had to  be c le a n e d  f r e e  from copper f i l i n g s ,  tu r n in g s  
and d u st  from the plumbing l i n e  to  p rev en t l e a k s  a c r o s s  the  
v a lv e s  and the  v a lv e s  th en  fu n c t io n e d  w ith ou t f u r t h e r  
t r o u b le .  The c o r r e c t  o p e r a t io n  o f  the  e le c tr o m a g n e t ic  v a lv e s  
and n e e d le  v a lv e s  i n  c o n ju n c t io n  w ith  the  b a l l  v a lv e  gave  
the r e q u ir e d  p r e ssu re  and atmosphere i n  the  vacuum lo c k  and 
/ o r  vacuum v e s s e l ,
-*■•5. P ressu re  measurement.
P r e ssu r e s  from 0 .0 0 5  to  800 t o r r  had to  be a c c u r a t e ly
measured, the  low er ranges  b e in g  req u ired  f o r  le a k  r a t e s
and d e t e c t i o n .  Por a ccu ra te  work a t  the h ig h e r  p r e s su r e
ranges the  p r e ssu r e  gauge had to  read a l l  g a s e s  and
c o n d e n s ib le  vapou rs . Two gauges v/ere used  f o r  th e  p r e s e n t  
work.
The sim ple  mercury manometer, used to  measure p r e s s u r e s  
from 800 to  1 t o r r ,  v/as a ccu ra te  to  w ith in  i .  2 t o r r  g iv in g  
a co n tin u o u s  rea d in g  and m easuring a l l  g a s e s .  To a l lo w  
r a p id  r e l i a b l e  read in g  and avo id  m easuring a d i f f e r e n c e  i n  
h e ig h t s ,  a movable s c a le  (,0.5 mm = 1 t o r r )  v/as u sed  to  a d ju s t  
f o r  v a r ia t i o n s  i n  atm ospheric  p r e s s u r e .  The p ip e  l i n e  from
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lo ck  O P  through EMV.3. to  the  gu id e  tube which v/as 
ap p rox im ate ly  7 tf above the  m e l t .
The dene vac Measurvac 1 . i^k.IE McLeod gauge v/as
used  to  co v er  a p r e ssu re  range o f  150 -  0 ,0 0 1  t o r r ,  the  
com p ress ion  o f  the  gas b e in g  op era ted  bjr a s p r in g - lo a d e d  
p lu n ger  a g a in s t  a mercury r e s e v o i r ,  The o p e r a t io n  v/as 
sim ple  and ra p id  and a ccu ra te  r e a d in g s ,  e s p e c i a l l y  i n  the  
range 1 -  0 ,0 1  t o r r ,  v/ere o b ta in a b le  but i t  had th e  
d isad va n ta ge  o f  not m easuring t o t a l  p r e s s u r e .  The gauge 
v/as con n ected  d i r e c t l y  to  the  vacuum lo c k  and to  th e  vacuum 
v e s s e l  b y  way o f  the  b a l l  v a lv e  or by E1.1V.2. and 3 and the  
guide tu b e .
1*6, P ressu re  C o n tr o l ,
For i n v e s t i g a t i o n s  i n t o  the  k i n e t i c s  o f  gas r e a c t i o n s
w ith  m olten  i r o n  tv/o approaches are p o s s i b l e .  F i r s t l y  the
volume o f  th e  system  can  be k e p t  c o n s ta n t  and th e  p r e s su r e
r i s e  measured, or se c o n d ly ,  the  p r e ssu re  can be k e p t
c o n s ta n t  and the  in c r e a s e  i n  volume m easured. In  the  f i r s t
c a s e ,  however, the  p r e ssu re  in c r e a s e  r e s u l t s  i n  a change o f
e q u il ib r iu m  c o n d i t io n s  and a d e c re a se  i n  the  r a te  o f  the
carbon-oxygen  r e a c t io n .  In  ex p er im en ts  such as t h e s e ,
in v o lv in g  la r g e  q u a n t i t i e s  o f  r e a c t in g  s i l i c a ,  th e  p r e s su r e
r i s e  n e c e s s a r y  to  a c h iev e  e q u il ib r iu m  would be e x tr e m e ly
la r g e  and the d a ta  would be v i r t u a l l y  m e a n in g le s s .  For
th e s e  reason s  i t  was d ec id ed  th a t  the r e a c t io n s  u n d ergo in g
i n v e s t i g a t i o n  should  be c o n t r o l l e d  a t  c o n s ta n t  p r e s s u r e ,  the
change i n  volume b e in g  measured, a t  i n t e r v a l s  o f  10 m in u te s ) ,
by means o f  a Parkinson-Cowan flow m eter  i n  the  e x h a u s t  l i n e  
o f  P-j^  to  an accu racy  o f  ~ 0 .0 0 2  l i t r e s .  C o r r e c t io n s  f o r
N .T .P . v/ere th en  a p p l ie d .
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p o s s i b l e  to  the vacuum v e s s e l ,  the  req u irem en ts b e in g  
t h a t  p r e ssu re  v a r ia t i o n s  shou ld  be c o r r e c te d  r a p id ly  and 
sm oothly  w ith ou t the need f o r  the  in t r o d u c t io n  o f  o th e r  
g a se s  to  m a in ta in  a p o s i t i v e  l e a k .  The Edwards VPCI 
c o n t r o l l e r  v/as r e j e c t e d  f o r  t h i s  l a s t  r ea so n  p lu s  the  f a c t  
th a t  i t  had a l i m i t i n g  vacuum o f  150 t o r r .  Some 
c o n s id e r a b le  time v/as a l s o  sp en t d e s ig n in g  and making an 
autom atic  p r e ssu r e  c o n t r o l l e r  which would g iv e  a permanent 
record  o f  the  f lo w  r a t e .  T h is  c o n s i s t e d  o f  a m o to r ise d  
f i n e  n e e d le  v a lv e  (Edwards LB2A), geared to  a p o te n t io m e te r  
and sen d in g  e l e c t r i c a l  s i g n a l s  to  a Rikadenki mV
r e c o r d e r .  The motor r e c e iv e d  s i g n a l s  from a main
(
c o n t r o l l e r  which i n  turn  was a c t iv a t e d  by a p r e s su r e  
tr a n sd u c e r .  P re lim in a r y  t r i a l s ,  however, showed an 
u n d e s ir a b le  time l a g  b etw een  s i g n a l s  r e c e iv e d  from the  
tra n sd u cer  and the  movement o f  th e  v a lv e  which gave r i s e  to  
p r e ssu r e  f l u c t u a t i o n s  o f  10 t o r r .  T his equipment was, 
t h e r e f o r e ,  r e j e c t e d  in  fa v o u r  o f  th e  Edward’ s C a r te s ia n  
m anostat which depended upon the  movement o f  a c a r t e s i a n  
d iv e r  f o r  i t s  a c t io n .  The d iv e r  was a tube w ith  a c lo s e d  
to p , f l o a t i n g  u p r ig h t  i n  a mercury s e a l  w ith  b o th  the  i n s i d e  
and the o u t s id e  o f  the tube communicating v/ith  th e  system  
to  be c o n t r o l l e d ,  Oas, a t  the  r eq u ire d  c o n t r o l  p r e s s u r e ,  
v/as trapped i n s id e  the d iv e r  and c u t  o f f  from th e  system  by
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an o n - o f f  v a lv e .  The d iv e r  l i f t e d  to  c l o s e  the ex h a u st
o r i f i c e  through which the  system  v/as b e in g  e v a c u a te d .  I f
the  p r e ssu r e  i n  the  system  ro se  the  d iv e r  was d e p r e s se d ,
opening the  ex h a u st  o r i f i c e  so t h a t  e v a c u a t io n  c o u ld  resum e,  
when the  system  p r e ssu r e  f e l l  be low  the  c o n t r o l  p r e s s u r e  
the  d iv e r  was l i f t e d  a g a in s t  the  exh au st  o r i f i c e  so t h a t
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e v s . u u a . b i u n  u e a b e u *  j. i i u  u x s b a n u e  u e u v v e e x i  o n e  u i v c r  c u i u .  oi j .u
exhaust o r i f i c e  c o u ld  he changed hy a f i n e  c o n t r o l  to  
prov id e  an a c cu ra te  adjustm ent to  the c o n t r o l  p r e s s u r e .
Using t h i s  te c h n iq u e ,  la r g e  amounts o f  g a s ,  such as  
th a t  g iv e n  o f f  durin g  m elt  down and upon m e l t in g ,  caused  
rap id  f l u c t u a t i o n s  o f  ahout 4  mm around th e  s e t  p r e s s u r e ,  
hut v i r t u a l l y  no v a r i a t i o n  v/as observed  under s t e a d y  
c o n d i t io n s  a t  760 and 76 torr*  The m anu factu rers  c la im ed  
a f lo w  r a te  o f  k  l i t r e s  per  minute a t  i+OO t o r r  and 0*5 
l i t r e s  per  m inute a t  30 t o r r  a c r o s s  the  1 .0  mm o r i f i c e  w ith
N
a s e n s i t i v i t y  o f  ± 2 t o r r  a t  ij.00 to r r  and o.i+ t o r r  a t  100 
torr*  Por m e lt s  a t  3 t o r r ,  the  f lo w  r a t e s  w ith  the  m anostat  
i n  c i r c u i t  v/ere i n s u f f i c i e n t  to  q u ic k ly  o b t a in  th e  d e s ir e d  
p r e ssu re  and f o r  th e se  m e lt s  a l u d iam eter  p ip e  s e c t i o n  
r e p la c e d  the  m anostat, the  p r e ssu r e  b e in g  c o n t r o l l e d  
m anually  hy  I 1* and ^tf diaphram v a l v e s .
1«7 . Temperature measurement.
The r e a c t io n s  undergoing i n v e s t i g a t i o n  were v ery  
s e n s i t i v e  to  tem perature changes and, t h e r e f o r e ,  good  
c o n tr o l  o f  the  h a th  tem perature a t  1600° C en tigrad e  i  
10° C entigrade v/as e s s e n t i a l .  Dip therm ocouple r e a d in g s  
were not c o n s id e r e d  to  he s u f f i c i e n t l y  a c c u r a te ,  t r i a l s  
w ith  in s e r t e d  c o u p le s  had shown th a t  th e re  were se v e r e  
tem perature g r a d ie n t s  through the  c r u c ib le  w a l l  and so a 
c o n tin u o u s  im m ersion tech n iq u e  was sou ght. I t  v/as soon  
found th a t  standard  Pt -  Pt/13/o  Hh c o u p le s  were prone to  
f a i l u r e  a t  1600° C entigrade and 20% Rh/80/o Pt -  5f° Ph/95^ P t ,  
0 .5  dm d iam eter , w ir es  were found to  he the most r e l i a b l e .
The e.m.f. g e n e ra ted  at the therm ocouple ju n c t io n  v/as f e d  to  
a H ikadenki, f a s t  r e sp o n se ,  mV rec o rd er  and the  com pensating
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alumina from Thermal Syn d ica te  (3  mm bore x 12“ lo n g )  was 
ch osen  as sh ea th  m a te r ia l  s in c e  i t  was c o n s id e r e d  to  he 
r e l a t i v e l y  i n e r t  a t  the p r e s s u r e s  used  and s in c e  th e  area  
o f  sh ea th  exposed  to  the m elt  was v e ry  sm all compared w ith  
the su r fa c e  area  o f  the c r u c i b l e .  The d e s ig n  o f  the  
therm ocouple, however, proved to  be d i f f i c u l t  and i t  was 
some tim e b e fo r e  a c o m p le te ly  r e l i a b l e  therm ocouple , w ith  
a l i f e  o f  over  6 hours a t  1600° Centigrade was fou n d . The 
d e s ig n  f i n a l l y  ch osen  i s  shown i n  f i g u r e  53 . The 12“ 
alumina sh eath  was f i r s t  broken and recem ented a t  a p o s i t i o n  
about 3 ,f from the t i p .  T his a llo w ed  thermal e x p a n s io n  to  
take p la c e  w ith o u t f u r t h e r  c r a c k in g  and the danger o f  m eta l  
p e n e t r a t io n  v/as s u b s t a n t i a l l y  red uced . The therm ocouple  
wire was run through a 2 .5  mm o . d . , tw in  bore alum ina tube  
and a bead formed a t  the  t i p ,  a f r e s h  le n g th  o f  v/ire b e in g  
used f o r  each ex p er im en t. The sh ea th  was th en  cem ented  
onto t h i s  tu b e , the  remainder o f  the  wire b e in g  p r o t e c t e d  
by a k  mm d iam eter  tw in  bore s i l i c a .  The d e s ig n  was 
com p leted  by an aluminium cap w ith  s u i t a b l e  0 - r i n g  s e a l s  
to  p rev en t  le a k s  and e x p lo s io n s  i n  the ca se  o f  a thermo­
cou p le  f a i l u r e ,  the  h o le s  i n  the  tv/in  bore s i l i c a  b e in g  
f i l l e d  w ith  m olten  b la c k  wax. I t  was d e c id ed  th a t  th e  
therm ocouple shou ld  be immerjsed 1-J*1 -  2 “ i n  the  m e lt  and 
c o n se q u e n t ly  the  t o t a l  le n g th  o f  th e  therm ocouple was 
ch osen  a t  21^“ , l e a v in g  3>;,f p r o tu d in g  above the  to p  cap o f  
the fu rn ace  chamber. A second co u p le  was alw ays i n  p o s i t i o n  
i n  the  fu rn a ce  i n  c a se  o f  a premature f a i l u r e  w ith  th e  
f i r s t  one.
1 . 8 .  Sampling from the  m e l t .
The accuracy  o f  the r e s u l t s  i s  v ery  dependent upon
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The a n a l y s i s  f o r  oxygen, p a r t i c u l a r l y ,  i s  f r o u g h t  w ith  
d i f f i c u l t i e s  i n  the  e v en t  o f  p ip ed  or porous sam ples and 
s e v e r a l  te c h n iq u e s  were examined "before a r e l i a b l e  one was 
foun d , A major d i f f i c u l t y  was th a t  the  fu rn a ce  d e s ig n  
p r o h ib i t e d  the  s t o r in g  o f  samples i n  the  chamber and each  
one, a f t e r  b e in g  ta k en  from the m e lt ,  had to  be withdrawn  
through the vacuum lo c k  and guide tu b e . T h is  tube was o n ly  
l ,f d iam eter  which fu r t h e r  r e s t r i c t e d  the s i z e  and shape o f  
the  sample and i t s  h o ld e r  a tta ch m en ts .  S i l i c a  s u c t io n  
t e c h n iq u e s ,  eva cu a ted  pyrex pin tu b es  and s i l i c a  spoons were 
r e j e c t e d  a t  the o u t s e t  because  o f  the l i k e l i h o o d  o f  
c o n ta m in a t io n . A v a r i e t y  o f  m eta l cans and spoons were 
t r i e d  but i t  was d i f f i c u l t  to  o b ta in  the c o r r e c t  t h ic k n e s s  
to  p rev en t  m e lt in g  on the one hand, and tem perature changes  
on the  o th e r .  These were e v e n tu a l ly  r e j e c t e d  b eca u se  o f  the  
d i f f i c u l t i e s  and c o s t  o f  m anufacture and a l s o  b eca u se  
t h e i r  d e s ig n  d id  not a l lo w  them to  be withdrawn sm ooth ly  
from the m e lt .
F i n a l l y ,  the d e s ig n  shown i n  F igure  56 was found  which  
has s in c e  g iv e n  s a t i s f a c t o r y  r e s u l t s ,  but ev en  so  
s a t i s f a c t o r y  sam ples o f  1% C. i r o n s  have b een  d i f f i c u l t  
and sometim es im p o ss ib le  to  take a t  p r e s s u r e s  o f  about  
3 t o r r  due to  the i n i t i a t i o n  o f  a b o i l  on im m ersion o f  the  
sam pler. T h is  d e v ic e  c o n s i s t e d  o f  a m ild  s t e e l  tu b e ,
§n o .d .  16 gauge, which v/as s e a le d  at one end by  a w elded  
m ild  s t e e l  cap; a t  a p o s i t i o n  l £ !f above the s e a le d  end o f  
the tube was an in ta k e  o r i f i c e ,  made-by m i l l i n g  away h a l f  
the d iam eter  of a 1" s e c t i o n .  The p o s i t i o n  o f  t h i s  sam pling  
tube c o u ld  be a d ju s te d  to  one o f  f i v e  p o s i t i o n s  i n  ord er  to  
allov / sam pling to  c o n t in u e  i f  the m eta l l e v e l  i n  the
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as the  r e a c t io n  p roceed ed . Samples l n lo n g  x d iam eter  
were o b ta in ed  by tu r n in g  o f f  the tube s h e l l  on a l a t h e .  
F urther tu rn in g  gave samples f o r  carbon and s i l i c o n  
d e te r m in a t io n  and the  specim en co re  v/as used  f o r  a n a l y s i s  
o f  oxygen. Extreme care  v/as taken  to  avo id  g r e a sy  and 
burnt c h ip p in g s  and i n  a s im i la r  way a l l  sam pling tu b es  
were d egreased  and s h o tb la s t e d  p r io r  to  u se .  In  order  to  
f u l l y  d e o x id i s e  the m eta l and p rov id e  sound sam ples f o r  
oxygen a n a ly s i s  o . l  w t /o  o f  c o i l e d  0 .5  mm d iam eter  
aluminium wire was p la c e d  in  each sam pling tube b e fo r e  
im m ersion. P re lim in a r y  t r i a l s  showed t h a t ,  to  a v o id  
tem perature f l u c t u a t i o n  v/ith the  sm all mass o f  m eta l u sed ,  
the optimum fre q u en cy  o f  sam pling was a t  30 m inute i n t e r v a l s .  
I t  was f e l t  th a t  c o n t r o l  o f  tem perature was more im portant  
than  o b ta in in g  la r g e  numbers o f  sam ples which, i n  a d d i t io n  
to  tem perature v a r i a t i o n s ,  a l s o  r e s u l t s  i n  a lo w e r in g  o f  
the  charge i n  the c r u c i b l e .
Automatic sam pling o f  the m elt  was a ch iev ed  by f i t t i n g  
the  sample tube i n  i t s  h o ld er  onto a A3 ,f s t r o k e ,  
p n e u m a tic a l ly  powered s t e e l  rod which t r a v e l l e d ,  through  
0 r in g  s e a l s ,  i n  the gu ide tu b e . T h is  tech n iq u e  en su red
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th a t  the r e s id e n c e  time o f  the  sam pling tube i n  the  m elt  
was no more than one second, thus a v o id in g  c o n ta m in a t io n  
o f  the m elt  by the tube and k ee p in g  tem perature l o s s e s  to
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a minimum. High carbon sam ples were an n ea led  im m ed ia te ly  
a f t e r  b e in g  tak en  to  f a c i l i t a t e  m achin ing.
An im portant f e a t u r e  o f  d e s ig n  which en ab led  a 
s a t i s f a c t o r y  sam pling procedure to  be e s t a b l i s h e d  was the  
b u i ld in g  o f  the vacuum lo c k  (F igu re  37) to  i s o l a t e  th e
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sampler rrom tne vacuum v e sse u  ana p r o v ia e  T>ne r e q a ir e u  
p r e ssu r e  and atmosphere when the  sampler was i n  the  fu rn ace  
chamber. T h is  lo ck  v/as a c y l i n d r i c a l  chamber c o n s i s t i n g  o f  
l u d iam eter  copper tu b in g  a t ta c h e d  to  the vacuum v e s s e l  by  
a 1“ b a l l  v a lv e  and a 1" d iam eter  copper gu ide tu b e .  The 
b a l l  v a lv e  opened the  vacuum lo c k  to  the v e s s e l  when sam pling  
was i n  p r o g r e s s  and s e a le d  i t  o f f  when the lo c k  was r e q u ir e d  
to  be open to  atm osphere. On the top o f  the  vacuum lo c k  
chamber was a d e ta ch a b le  b r a s s  f i t t i n g ,  s e a l in g  the  chamber 
from the  o u t s id e  atmosphere and a l s o  r e t a in in g  a vacuum 
t i g h t  s e a l  f o r  the  pneumatic sam pling rod. A ttach ed  to  
the  chamber v/ere l i n e s  f o r  e v a c u a t io n ,  gas e n tr y ,  p r e s su r e  
measurement and a i r  ad m itta n ce . The e v a c u a t io n  l i n e  from •
P2 p a sse d  through EMV.l. to  pump out a i r ,  from th e  vacuum 
l o c k ,  b e fo r e  sam pling and the fu rn ace  atm osphere, from the  
l o c k ,  a f t e r  sam p lin g . A ir  v/as adm itted  to  the lo c k  to  
p r e v en t  e x p lo s io n  from o ccu r in g  on ta k in g  out th e  h o t  
sam ple.
The pneumatic sam pler d iam eter  r o d ) (F ig a r e  57) was 
op era ted  a t  a p r e ssu r e  o f  100 l b s  per  s q . i n s .  Reducing  
h a lv e s  a d ju ste d  the speed  o f  the  sampler such t h a t  the  
sam pling tube e n te r e d  the  m elt  s lo w ly ,  w ith  a minimum o f  
s p la s h in g  and was withdrawn as q u ic k ly  as p o s s i b l e .  I t  i s  
worth n o t in g  th a t  p r e v io u s ly ,  the sam pling had b e e n  
undertaken m anually , p u sh ing  a sam pling rod through th e
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vacuum lo c k .  However, a lth ou gh  speed c o n t r o l  was good the  
c o n t r o l  o f  a lignm ent was d i f f i c u l t  and the sam pler som etim es  
broke the. therm ocouple.
1 . 9 . Gas a n a ly s i s  u n i t .
P rev io u s  work (107) has shown th a t  c o n ta m in a t io n  o f  
the  m elt  can take p la c e  from the w ater c o n ta in e d  i n  the
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removes the  hu lk  o f  t h i s  m o is tu r e ,  some always rem ains and 
. i t s  e f f e c t  can  he v ery  im portant p a r t i c u l a r l y  a t  low  carbon  
l e v e l s ,  where the e v o lu t io n  o f  carbon monoxide i s  s lo w e r ,  
and w ith  m agnesia c r u c i b l e s .  In a d d i t io n  to  t h i s ,  a t  low  
carbon l e v e l s  and h ig h  p r e s s u r e s  the  fo rm a tio n  o f  carbon  
d io x id e  can  be im p orta n t. I t  was, t h e r e f o r e ,  thou ght th a t  
a n a l y s i s  o f  the  gas phase above the  m elt  v/as n e c e s s a r y ,  
f i r s t l y  i n  order th a t  an a ccu ra te  oxygen b a la n ce  c o u ld  be 
done and se c o n d ly  s in c e  the  gas c o m p o s it io n  above the  m elt  
a f f e c t e d  the carbon-oxygen  e q u i l ib r iu m .
The apparatus was c o n s tr u c te d ,  accord in g  to  the  
diagram shown i n  F igu re  58, out o f  10 mm d iam eter  pyrex  
g l a s s  tu b in g  and was arranged h o r i z o n t a l l y  on a bench top  
as shown i n  F ig u r e s  59 and 60 . I t  r e l i e d  upon the  
s u c c e s s iv e  measurement o f  the gas p r e ssu re  i n  a s tan dard  
volume as each o f  i t s  components v/as removed. For t h i s  
measurement, a p r e ssu r e  tra n sd u cer  was used  which g e n e ra ted  
an e . m . f .  i f  th ere  was a p r e ssu r e  d i f f e r e n c e  a c r o s s  i t s  two 
m eta l diaphragm s. Hence i f  the  p r e ssu r e  on one s id e  o f  the  
tra n sd u cer  was made equal to  zero  then  the  r ea d in g  o b ta in e d  
was th a t  o f  the  p r e ssu r e  on the o th e r  s id e  o f  th e  t r a n s ­
d u cer . The m easuring head i t s e l f  v/as com prised o f  two 
tra n sfo r m er s ,  whose m agnetic  c i r c u i t s  c o n s i s t e d  o f  two 
sym m etrical f i x e d  p a r t s  and a common movable c o r e .
Movement o f  t h i s  core  v a r ie d ,  i n  o p p o s i te  s e n s e s ,  th e  
r e lu c t a n c e s  o f  the two magnet c i r c u i t s  by a l t e r i n g  the  a i r  
gap. The ind u ctan ce  o f  the  prim ary w ind ings and th e  
c o e f f i c i e n t s  o f  prim ary to  secondary  mutual in d u c ta n c e s  
v a r ie d  w ith  the  d isp la cem en t o f  the  c o r e ,  i n  one s e n se  f o r  
one tra n sfo rm er , and i n  the o p p o s i te  sen se  f o r  th e  o th e r
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the c i r c u i t  in d u ctan ce  v/as c o n s ta n t  and, when e n e r g is e d  hy  
an a l t e r n a t i n g  v o l t a g e  o f  c o n s ta n t  am plitud e, th e  a l t e r n a t i n g  
c u rren t  i n  the  prim ary c i r c u i t  was a l s o  o f  c o n s ta n t  a m p litu d e .  
The d i f f e r e n c e  betw een  the  secondary  v o l t a g e s  was p r o p o r t io n a l  
to  the  primary c u r r e n t ,  to  i t s  freq u en cy  and to  the  d i f f e r e n c e  
betw een  the two c o e f f i c i e n t s  o f  mutual in d u c ta n c e ,  t h a t  i s  
to  sa y ,  the movement o f  the c o r e .  The range o f  th e  t r a n s ­
ducer  used on the gas a n a ly s e r  was 1  50 mb, and the  a l t e r n ­
a t in g  v o l ta g e  v/as p rov id ed  by a 3000 c . p . s . ,  2Uv o s c i l l a t o r .  
From the tra n sd u c er ,  the  output was o r i g i n a l l y  f e d  s t r a i g h t  
i n t o  a r e c t i f y i n g  c i r c u i t  and th en  measured by a Rikadenki  
mV rec o rd er  which had a s e r i e s  o f  mV ranges  and worked on 
the  p r i n c ip l e  o f  n u l l  b a la n c in g  the  system  p o te n t io m e te r .
T h is  s e t  up was s a t i s f a c t o r y  w h i l s t  the  h ig h  'freq u en cy  
fu rn a ce  was not i n  a c t io n  but g r e a t  d i f f i c u l t y  v/as 
ex p e r ie n c e d  i n  o b ta in in g  a c o n s ta n t  s i g n a l  w h i l s t  m e l t in g  
v/as i n  o p e r a t io n  and so to  combat t h i s  ’pick-up* e f f e c t  the  
tra n sd u cer  was screen ed  w ith  a double la y e r  o f  copper gauze  
at  e a r th  p o t e n t i a l .  T h is  improved m a tter s  bu t d id  n o t ,  by  
any means, make the  t r a c e  s a t i s f a c t o r y  and, as  a r e s u l t ,  
th r ee  ty p e s  o f  r e j e c t i o n  f i l t e r  were t r i e d  b u t ,  a g a in ,  a l l  
v/ere u n s u c c e s s f u l .  F i n a l l y ,  the  problem was s o lv e d  by  u s in g  
an acceptance  f i l t e r  f i n e l y  tuned to  the  fre q u en cy  o f  th e  
o s c i l l a t o r ,  i . e .  about 3 ' K c/s  and a good a n a l y s i s  t r a c e  
was o b ta in ed  throughout the  whole o f  the  m e lt in g  p e r i o d . * 
C a l ib r a t io n  o f  the p r e ssu r e  tra n sd u c er  was c a r r ie d  
out by means o f  an a ccu ra te  T oep ler  gauge and the  proced ure  
and r e s u l t s  o f  t h i s  c a l i b r a t i o n  are g iv e n  i n  Appendix I .
By t h i s ,  i t  was found th a t  the r e l a t i o n s h i p  betv/een p r e s s u r e  
and the output from the tra n sd u cer  (mV) was e x a c t l y  l i n e a r
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be used d i r e c t l y  i n  the a n a ly s i s  c a l c u l a t i o n s ,  th e re b y  
a v o id in g  t e d io u s  r e fe r e n c e  to  the c a l i b r a t i o n  cu r v e .
The c i r c u i t  had two Lsybold Q20 mercury d i f f u s i o n
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pumps (10“  ^ -  10*” t o r r )  one o f  which (Dp) was used  to  
ev a cu ate  the space a t  the  bach o f  the  tr a n sd u c e r .  T h is  
pump was bached by an Edwards m echan ica l r o ta r y  pump 
2SC20A which had an u l t im a te  vacuum o f  0 .0 0 1  t o r r  w ith ou t  
gas b a l l a s t  and a d isp la cem en t o f  22 1 . p er  m in u te . The 
second d i f f u s i o n  pump (£>2 ) bached by an Edwards ES35 
r o ta r y  pump h av in g  an u l t im a te  vacuum o f  0 .0 1  t o r r  w ith o u t  
gas  b a l l a s t  and a d isp la cem en t o f  35 i .  p er  m in u te , was 
used  to  evacu ate  the whole system  v/hen r e q u ir e d .  A l l  the  
v a lv e s  marhed V1-V10 shown i n  E igure 58 were e le c tr o m a g n e t ic  
and were c o n t r o l l e d  from a c e n t r a l  p a n e l .  Both the  mV 
r ec o rd er  and th e  tra n sd u c er  had sep a ra te  zero ad ju stm en ts  
and ch ech s v/ere made b e fo r e  each run to  ensure  th a t  the  
system  was l e a h - f r e e .
The procedure su b se q u e n t ly  adopted f o r  a n a l y s i s  o f  the  
g a seou s  atmosphere above the  m elt  was as f o l l o w s
A fte r  c o m p le te ly  e v a c u a t in g  the  system  a l l  th e  v a l v e s  
were c lo s e d  and a sm a ll  amount o f  gas  (o f  p r e s su r e  l e s s  than  
.5 t o r r )  was pumped from the fu rn ace  by v/ay o f  e l e c t r o ­
m agnetic  v a lv e s ,  Vp and V9 , the  g a s  b e in g  com pressed in t o  
the  tra n sd u cer  chamber on the h ig h  p r e ssu r e  s id e  o f  th e  
d i f f u s i o n  pump Dp. When a p r e ssu r e  o f  3 -  k  t o r r  (6 -8  mV) 
was o b ta in ed  i n  the chamber, v a lv e  Vp was f i r s t  c l o s e d ,  
fo l lo w e d  by V2 when the p r e ssu re  became c o n s t a n t .  The ga s  
was c i r c u la t e d  over phosphorus p e n to x id e  to  remove w ater  
vapour by opening V3 , Vy and V p o  A fte r  a p p ro x im a te ly
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2 m inu tes V3 was c lo s e d  and the gas  pumped 'back i n t o  the
chamber, t i e n  the p r e ssu r e  a g a in  "became c o n s ta n t  Vp0 and
Vy were c lo s e d  and the  p r e ssu re  n o te d .  The gas was n e x t
.a n a ly s e d  f o r  carbon d io x id e  by opening v a lv e s  V3 , Vg and
V9 to  remove t h i s  component by p a s s in g  i t  through a l i q u i d
n i t r o g e n  f r e e z i n g  tr a p .  Again a f t e r  a few  m inu tes  v/hen a l l
CO2 had been  removed, V3 v/as c lo s e d  and the  gas pumped back
i n t o  the  chamber and v/hen the p r e ssu r e  had become c o n s ta n t
Vg and Vg were c lo s e d  and the p r e ssu r e  rea d in g  ta k en .
S im ila r  p roced u res  were undertaken to  a n a ly se  f o r  hydrogen
and carbon monoxide. For hydrogen rem oval, the  gas  p a s se d
through a copper ox id e  fu rn ace  c o n t r o l l e d  a t  65O0 C entigrad e
which o x id is e d  CO to  CO2 as w e l l  as H2 to  H2O. By open in g
V^, V^, Vg and Vy the  water vapour was removed by a b s o r p t io n
onto l e a v in g  the  carbon d io x id e  ( o r i g i n a l l y  CO) to  be
f r o z e n  out by l i q u i d  n i t r o g e n  on the  n ex t  a n a l y s i s  c y c l e .
A t y p i c a l  a n a l y s i s  c h a r t  from such a sequence i s  shown i n
Jb'igure 62 from which i t  can  be seen  th a t  th e  volume f r a c t i o n s
o f  the gaseous, components i n  the fu rn a ce  chamber are found
by d iv id in g  the  i n i t i a l  t o t a l  gas p r e ssu r e  (o r  mV) i n t o  the
p r e ssu r e  (or  mV) d i f f e r e n c e s  betw een  each  a n a l y t i c a l  c y c l e .
A n a ly s is  o f  sam ples ta k en  from the fu rn a ce  was c a r r ie d  out
as o f t e n  as p o s s i b l e  durin g  the  course  o f  th e  m e l t .  The
slow  s te p  i n  the  a n a l y s i s  c y c l e ,  however, was the  c o l l e c t i o n
o f  gas from the copper ox id e  fu rn ace  a f t e r  the  rem oval o f
«
hydrogen which g e n e r a l ly  r e s u l t e d  i n  a turn-roun d  tim e o f  
15 -  20 m in u te s .  A l l  o th e r  s t e p s  i n  the  procedure v/ere 
rap id  and i f  time had a llo w ed  the tech n iq u e  c o u ld  have b een  
speeded up by re—d e s ig n in g  t h i s  p a r t  o f  the  c i r c u i t r y .
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2 , 1 . Iron  “b a se .
Swedish ir o n  was/used as a m e lt in g  base  i n  a l l  
e x p er im en ta l  m e lts  and, a lth ou gh  two s u p p l ie r s  had to  be  
u sed  f o r  t h i s  m a te r ia l ,  th ere  are no d i f f e r e n c e s  i n  
co m p o sit io n  l i k e l y  to  a f f e c t  the r e s u l t s .  (See f a b le  9 . )
2 , 2 . C r u c ib le s .
For the  m a jo r i ty  o f  th e se  exp er im en ts  the  c r u c i b l e s  
were o b ta in ed  from R e fr a c to r y  Mouldings and C a s t in g s  L t d . , 
Kegworth, Nr. Derby. For one or two h e a ts  r e c r y s t a l l i s e d  
m agnesia c r u c i b l e s  from D e g u s s i t  v/ere u se d . The c o m p o s it io n  
of  the c r u c i b l e s  used f o r  the bu lk  o f  the work are shown i n  
f a b le  10 . A check was k ep t  on c o m p o sit io n  throughout the  
work, f a b le  11 g i v e s  d e t a i l s  o f  the  p r e p a r a t io n  and o f  
the  p h a ses  p r e se n t  i n  th e se  c r u c ib le s  a f t e r  f i r i n g ,  fh e  
o p t i c a l  and x - r a y  c r y s t a l lo g r a p h ic  a n a l y s i s  n e c e s s a r y  f o r  
t h i s  i s  d i s c u s s e d  i n  more d e t a i l  i n  the s e c t i o n  on r e s u l t s .
2 -  3% c o l l o i d a l  s i l i c a  was added as a bond on m and P 
grade c r u c i b l e s  and up to  8% on MAO- an(  ^ nS g r a d e s .
During c a l c i n a t i o n  o f  the pov/der, a g l a s s  form s a t  
ap p rox im ate ly  1680° C entigrade w ith  the m o lo c h ite  powder 
and a t  approx im ate ly  1600° C entigrade w ith  the  s i l l i m i n i t e  
powder so th a t  the M and P c r u c i b l e s  f i n a l l y  c o n s i s t  o f  
m u l l i t e  g r a in s ,  s i l i c a  g l a s s  and a sm all amount o f  «  or  
- q u a r tz .  The g l a s s  remains u n d e te c te d  by x - r a y
%
c r y s t a l l o g r a p h i c  a n a l y s i s  whereas the c o l l o i d a l  s i l i c a ,  
havin g  b een  f i r e d  a t  r e l a t i v e l y  lo w 'tem p er a tu re s  i s  
d e t e c t e d  as q u a r tz .  The s i l i c a  bond added to  the m agnesia  
to  form iviAGr c r u c i b l e s  appears to  have r e a c te d  to  form  
f o r s t e r i t e .  P h y s ic a l  t e s t s  v/ere a l s o  perform ed on s e c t i o n s
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2*3 . Ci-as atm osphere.
Carbon monoxide v/as u sed  as the fu rn ace  atmosphere  
on a l l  h ea ts#  A fte r  pumping down to  h ig h  vacuum the  
system  v/as b a c k f i l l e d  w ith  carbon monoxide and the  
procedure r e p e a te d .  The gas was used  s t r a i g h t  from a h ig h  
p r e ssu r e  b o t t l e  and was su p p l ie d  by A ir  P rod u cts  L t d . ,  to  
the f o l lo w in g  c o m p o s it io n , 00-99#5/^  hydrocarbons -  i+0 ppm, 
a i r  -  b a la n c e .
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I I  RESULTS AND DISCUSSION.
1 , GSHEPAL.
P rev iou s  work on o x id e -m e lt  r e a c t io n s  has i n d ic a t e d  
th a t  the e x te n t  of* the o x id a t io n  r e a c t io n  i s  p r im a r i ly  
c o n t r o l l e d  hy the s o lu b le  oxygen c o n ten t  o f  the m elt  
accord in g  to  the e q u a t io n s ,
(  Si02> [ S i ]  + 2[o] . . . (33 )
[ lis] + [o] . . . (3 6 )
(A1203> + 3 [ o ]  . . . (27)
The r a t e s  o f  th e se  r e a c t io n s  are a l s o  g e n e r a l ly  thought  
to  he governed hy the oxygen c o n te n t  o f the hu lk  l i q u i d  and 
hy the i n t e r f a c i a l  area  o f  c o n ta c t ;
= f  Ajj- (0S -  0M)
dt
where j& = mass t r a n s f e r  c o e f f i c i e n t  ^
p
D = d i f f u s i o n  c o e f f i c i e n t  (Cm / s )
£ = boundary la y e r  th ic k n e s s  (cm)
. 0-  ^ = oxygen c o n te n t  i n  equilibrium  w ith  o x id e .
0^ = oxygen c o n te n t  o f  the hulk l i q u i d .
where carbon i s  p r e se n t  the d i s s o c i a t i o n  r e a c t i o n  w i l l  
he fo l lo w e d  hy the earhon-oxygen  r e a c t io n  a t  a g a s -m e ta l  
in t e r f a c e  accord in g  t o ,
[ C ]  + [o] [c o j
The d i r e c t  r e a c t io n  betw een carbon and the o x id e  i s - n o t  
thought to he c o n t r o l l i n g  s in c e  t h i s  occu rs o n ly  a t  a th ree  
phase i n t e r f a c e .
H ith er to  most o f  the work rep o rted  in  the  l i t e r a t u r e  
has been  c a r r ie d  out e i t h e r  under h igh  vacuum or w ith  carbon-  
s a tu r a te d  m e lts  and under such c o n d i t io n s  the s o lu b le  oxygen
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proceeds a t  i t s  f a s t e s t  rate-. These c o n d i t io n s  r a r e ly  ax.)ply 
with works p r a c t i c e  where, i n  the absence o f  o th er  
d e o x id a n ts ,  the  oxygen c o n te n t  i s  c o n t r o l l e d  by the carbon  
c o n ten t  and may vary from 10 up to  1000 ppm. R e a c t io n s  
in v o lv in g  the l a d le  r e f r a c t o r i e s  and, to  some e x t e n t ,  the  
r e f r a c t o r i e s  used to  l i n e  vacuum v e s s e l s ,  w i l l  p roceed  a t  
r a t e s  d e f in e d  by th e se  c o n d i t io n s .
Because o f  th e se  c o n s id e r a t io n s  i t  was d e c id ed  t h a t  a 
knowledge o f  the e f f e c t  o f  oxygen l e v e l  upon the r a t e s  and 
e x te n t s  o f  th e se  r e a c t io n s  would be u s e fu l  and i t  was hoped 
th a t  t h i s  in fo r m a tio n  would a l lo w  a s u i t a b le  r a te  model to  be 
fo rm u la ted . The oxygen c o n te n t  o f  the m etal was c o n t r o l l e d  
by va ry in g  the carbon c o n te n t  o f  the m elt and the  working  
p ressu re  o f  carbon monoxide i n  the furnace.W herever  p o s s i b l e  
s i x  s e t s  o f  ex p er im en ta l c o n d i t io n s  were used f o r  each  
c r u c ib le  c o m p o sit io n  such th a t  a l l  the c r u c i b l e s  l i s t e d  i n  
Table 10 were i n v e s t i g a t e d  a t  i n i t i a l  carbon c o n t e n t s  o f  o . l  
and 1 . 0 w/ o  and p r e s s u r e s  o f  760 , 76 and 3 t o r r .  The changes  
i n  c o m p o sit io n  o f  the  m e lt s  were fo l lo w e d  by a n a l y s i s  o f  
m etal sam ples f o r  carbon, s i l i c o n  and oxygen an d /or  by a 
com b ination  o f  f lo w  measurement and gas a n a l y s i s .  These  
r e s u l t s  are shown i n  Table 13 . Ror e a se  o f  r e f e r e n c e ,  the  
d ata  from each m e lt ,  in c lu d in g  c a l c u l a t i o n s  and graphs, were 
prepared i n  book form.
«
2 . Routine C a lc u la t io n s .
I t  was found n e c e s s a r y ,  a t  an e a r ly  s t a g e ,  to  c a r r y  out  
an oxygen b a la n ce  on each m elt  i n  order to  a s s e s s  the  
q u a n t i t i e s  o f  oxygen coming from the v a r io u s  s o u r c e s .  To 
check the r e p r o d u c ib i l i t y  o f  the ex p er im en ta l  tec h n iq u e  t h i s
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from t i e  m elt  and the measured volume o f  the  an a ly sed  l’arnace  
g a s e s .  The r e s u l t s  f o r  each m elt  are g iv e n  in  Table 14 .
2 . 1 .  Flow measurement p lu s  gas a n a l y s i s .
On the assum ption  th a t  the gas samples tak en  from the  
m elt chamber a c c u r a te ly  r e p r e se n t  the bulk co m p o s it io n  o f  
the  gaseou s phase th en , i n  order to  c a l c u l a t e  the  tru e  r a te  
o f  carbon monoxide e v o lu t io n ,  a llow ance  must be made f o r  the  
d i l u t i o n  o f  the gas e v o lv e d  from the su r fa c e  by the  fu rn a ce  
atm osphere. T h is  i s  p a r t i c u l a r l y  im portant a t  h ig h  p r e s s u r e s  
and low carbon c o n te n ts  where the  r a te  o f  e v o lu t io n  o f  carbon  
monoxide i s  sm all compared w ith  the t o t a l  volume o f  the  
fu rn ace  chamber p lu s  d u c t in g .
The furnace  chamber i s  o f  volume v (7 .0  l i t r e s  a t  760 
to r r  and room tem perature) and c o n ta in s  gas  o f  c o m p o s it io n
"k1ne m elt  th en  e v o lv e s  gas o f  c o m p o s it io n ,  
^ ^ (M ) i n "time ^ “ ^l* ^ ie n > assuming th a t  as A Vfj, o f  ;
e n t e r s  the system  A o f  l e a v e s ,  m a in ta in in g  a c o n s ta n t
p r e s s u r e ,  the p ercen ta g e  o f  carbon monoxide now rem ain ing i n  
the chamber and a n a lysed  a t  time t^
= /bCO ^ g ^  = /oCO ^   ^ -  AY'S (jfeCO ^   ^ ” /oCO (i-1)  ^ • • • •(-*-66 ^
? "
Hence + ^ ^ ( l )  * * # ^
and the volume o f  carbon monoxide e v o lv e d  durin g  tim e t p - t  =
^VT>bCO(]^  = V(%C0^2j -  ^C0( l ) ) + A V ^oC O ^ . - . U 0 8 )
In  order to  approximate V to  h .T .P .  the average gas  temper­
ature  in  the chamber was measured to  be 400° C en tig ra d e  g iv in g  
v a lu e s  f o r  V a t  760 , 76 and 3 to r r  o f  2 .6 4 ,  0 .2 8 4  and 0 .0 1  
l i t r e s  r e s p e c t i v e l y .  t
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G-as a n a l y s i s  has in d ic a t e d  t h a t ,  dar ing  the m e lt ,  the  
o n ly  g a se s  p r e se n t  i n  the system  are hydrogen and carbon  
monoxide. On o c c a s io n ,  w ith  very  low carbon c o n t e n t s ,  
carbon d io x id e  has been  d e te c t e d  b a t  o n ly  i n  sm a ll  amoants. 
I t  can, t h e r e f o r e ,  be a ss  rued th a t  the t o t a l  gas volame 
measured by the f low m eter  i s  made up o f  hydrogen and carbon  
monoxide o n ly .
Hence A — AVTy £ 0 ^  = Av^ , . . (1 0 9 )
where A V^ , i s  t o t a l  gas volame e v o lv e d  d a r in g  time At,
as measured by flow m eter  and c o r r e c te d  to  N .T.P .
AVjj i s  volame o f hydrogen e v o lv e d  from the  m elt  in  
time A t .
AV-p o^CO/-jn i s  volume o f carbon monoxide e v o lv e d  from the  
' 1' ' m elt  i n  time A t .
As w i l l  be shown l a t e r ,  i t  seems th a t  the p r o d u c t io n  o f
hydrogen i s  due to  the r e a c t io n ,
H20 + [ c ]  ^{co^ + / k2  ^ . . . (1 1 0 )
and so , where the o n ly  r e a c t io n s  prodac in g  carbon monoxide 
are th ose  in v o lv in g  s i l i c a  and w ater, and s i n c e ,  from  
e q u a t io n  (1 1 0 ) ,  1 vol.Pig s  1 vol.CO
A v p i x p . )  -  a v „  = A v c o ^ o . . . ( 1 1 1 )
where AVC~ = volame o f  carbon monoxide produced by  
S i0 2 r e a c t io n  w ith  s i l i c a .
A lso  acco rd in g  to  the o v e r a l l  r e a c t io n
< S i 02> + 2 [ c ]  ^  2 |_C0  ^ + [ s i ]  . . . O h )
4
1 l i t r e  o f  carbon monoxide i s  e q u iv a le n t  to  28.
2 x 2 2 . U- 
0 .6 2 5  g m .s i l i c o n .
and th e r e fo r e  A / JSi = X x • • • (112)
M
where H = mass o f  m elt  i n  gins, d a r in g  time i n t e r v a l  A t .
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A s e r i e s  o f  such e q u a t io n s  were programmed in t o  an O l i v e t t i  
desx computer end dy f e e d in g  i n  the measured v a lu e s  f o r  
'Z, A^rp, /-AO^p  ^ i pCO/ g ) and i-n v a lu e s  f o r / i / o S i * A fC . A p O g y >
A VA and A o^Ot^ q , were c a lc u la t e d ,  w ith  t im e , f o r  each ■
melt*
where A yO  ^ = v/t A oxygen removed by carbon i n  A t .
A fO o -- At A oxygen donated by s i l i c a  i n  A t .
“* 2
and A /sOjj q = V/t oxygen donated by water i n  At.
2 . 2 .  Me t  a 1 s am p 11 iip: „
f e t a l  sam ples were taken  a t  r e g u la r  i n t e r v a l s ,  u s u a l ly  
e v e r y  30 m in u tes ,  and the tim es tg e t c . ,  and t h e i r  
r e s p e c t iv e  m asses ta b u la te d ,  The volume o f  carbon monoxide 
e v o lv e d  betw een samples was c a lc u la t e d  from,
= 2 2 - 1' x 4 ^ 2  x tt .  . . U 1 3 )
■ ' Li' 12 100
where AfC = V/t p ercen ta g e  carbon removed b etw een  and t ^ .
and the volume o f  hydrogen produced in  the same tim e p e r io d
was then  c a lc u la t e d  from
A vh = A p ,  -  Av,r j iCO^.s .  . . (1 0 9 )
The p a r t i a l  p r e s su r e s  o f  hydrogen and carbon monoxide above 
the m elt were th en  sim ply  the p r o p o r t io n  o f  each ga s  m u l t i p l i e d  
by the t o t a l  system  p r e s s u r e .
The amounts o f  oxygen donated  by water and s i l i c a  and 
removed by r e a c t io n  w ith  carbon were then  c a l c u l a t e d  from,
A%o„ o = ‘h i  X i i  X 100 . . .  ( l i u )
2 M 2 2 . k
A>%0c.n = A%S1 x 22 . . .  (115)
olU2 28
where A %Si was measured from the p l o t  o f  wt /oSi a g a in s t  
t im e .
9 3
A /sOq -  £A/c'J X ±b # c (116) r
12 .
where A was measured from the p l o t  o f wt >oC a g a in s t  
t im e ,
An oxygen h a la n ce  was now x^ossible where
A yoc = A>cOS i0  ^ -r + AyOgo l  + A * e . ( 1 1 7 )
vnere ^ S c i  “ /o0i n i t i a l  “ ^ a n a l y s e d  at t ,
and = amount o f  oxygen donated from o th e r  o x id e s
such as JigO or Al^O^ dar ing  A t .
U su a lly  the s o lu b le  oxygen c o n te n t  had reached a c o n s ta n t
l e v e l  by zero time and when oxygen d o n a tio n  from o th e r  o x id e s
was a b sen t ,  as i n  the m a jo r ity  of m e lt s ,  the oxygen  b a la n ce
may be reg>resented sim ply  as
A.^0C = ^ ^ ° S i 0 2 * * * # ^118)
ff ?
Cases occu rred  where the measared volame was l e s s
than the volume o f  carbon monoxide c a lc u la t e d  a c co r d in g  to
eq u a t io n  (113) and t h i s  i s  d i s c u s s e d  under 3*
2 •3 •  Comparison o f  methods o f  c a l c u l a t i o n .
The two methods o f  c a l c u l a t i n g  an oxygen b a la n c e ,  as
o u t l in e d  i n  2 .1  and 2 , 2 . ,  are corn-pared in  Table 15 where the
oxygen c o n t r ib u t io n s  from s i l i c a  and water and th a t  removed
by carbon are l i s t e d  f o r  most o f  the  m e lts  i n  t h i s  s e r i e s .
The agreement betw een  the two s e t s  o f  data  must be c o n s id e r e d
q u ite  good which i n d ic a t e s  th a t  the  ex p er im en ta l  tec h n iq u e
has been s a t i s f a c t o r y .  The gas a n a l y s i s  f a l l s  down o f cou rse
4
on th ose  h e a ts  where the carbon monoxide has come from more 
than  one so u rc e ,  i . e .  oxygen has been  c o n tr ib u te d  by hgO or  
AI2O3 -*-n a d d i t io n  to  s i l i c a  and w ater . I t  w i l l  be se e n  from  
Table 15 th a t  f o r  1%C m e lts  i n  magnesia c r u c i b l e s  t h e A 0 o . 0
2
c a lc u l a t e d  by gas a n a ly s i s  p lu s  f lo w  measurement i s  h ig h e r
9 k
t h a n  t h a t  f rom m e t a l  s a m p l in g .  T h is  i s  b e c a u s e  t h i s  t e rm
r e a l l y  c o n ta in s  ^ 0,.^^ i n  a d d i t io n  to  A as in d ic a t e d  by
e q u a tio n  (117)* I t  w i l l  a l s o  be n o t ic e d  th a t  on th e se  same 
m e lt s ,  and th o se  w ith  1%C 93A12 0^ c r u c i b l e s ,  the c a lc u l a t e d  
oxygen removed by carbon i s  l e s s  by gas a n a l y s i s  than m eta l  
samples i n d ic a t in g  th a t  carbon monoxide i s  b e in g  l o s t  from 
the m e lt ,  bu t not measured by the flow m eter  ( s e e  3 . 2 . )
From t h i s  comparison i t  can be concluded  t h a t  gas  
a n a ly s i s  p lu s  f lo w  measurement can be used i n  p la c e  o f  m eta l  
sam pling, but o n ly  where s i l i c a  and water are the s o le  
c o n t r ib u t o r s .  ./lien o th er  o x id e s  such as MgO or-Al^O^ are  
a l s o  d on atin g  oxygen, the p r o g r e s s  o f  the m elt  must be 
f o l lo w e d  by m etal sam pling p lu s  f lo w  measurement.
3* D onation  by o x id e s  o th e r  than s i l i c a .
*
3 . 1 .  D onation  o f  ox?/gen by w ater .
Hydrogen v/as e v o lv e d  from a l l  the m e lts  and a n a l y s i s  
o f  the gaseou s atmosphere above the m elt  in d ic a t e d  amounts 
vary in g  from near zero to  30%. This ajnpeared to  depend  
s o l e l y  on the r a te  o f  e v o lu t io n  o f  carbon monoxide s in c e  the  
t o t a l  amounts o f  oxygen c o n tr ib u te d  by the water were r e a so n ­
a b ly  c o n s ta n t  a t  about 0 .0 3 W/ o  i n  2 1 0 .m inu tes (F ig u r e s  63 and
6 i | ) .  S ev era l  exp erim en ts  were conducted to  determ ine  the
source  o f  the hydrogen.
( i )  A d ega ssed  carbon b lo c k  was suspended i n  an
alumina c r u c ib le  and h e a ted  to  1600° C en tigrad e  a t
a c o n s ta n t  p r e ssu r e  o f  76 to r r  and i n i t i a l l y  i n  an
atmosphere o f  carbon monoxide. The gas i n  th e  
chamber v/as an a ly sed  throughout the exp er im en t and 
found to  change from 100% CO to  30% CO ~ 30% H^.
( i i )  Experiment ( i )  v/as r ep ea ted  u s in g  an argon
95
c o n te n ts  of' the  g aseou s atmosphere in c r e a s e d
CVQOto g e th e r  and the r a t i o  was a lw ays u n i ty ,
/ 2
C i i i ) Experiment ( i i )  v/as concluded by puiirping down 
the system  to  2 to r r  and c l o s i n g  a l l  v a lv e s .
Carbon monoxide was e v o lv e d  a t  a g r e a t e r  r a te  than  
hydrogen a t  the low er p r e s s u r e s ,  bu t as the p r e ssu r e  
in c r e a se d  to  76 t o r r  the gas c o m p o s it io n  approached  
30% CO -  30% showing th a t  the tv/o r a t e s  were 
e q u a l i s i n g ,  A fte r  h o ld in g  a t  76 to r r  a gas  
c o m p o sit io n  o f  30% Hg/50% CO was a c h ie v e d .
Civ) Experim ents were conducted w ith  alumina c r u c i b l e s  
which had been p r e f i r e d  a t  1350° C en tigrad e  under 
h ig h  vacuum. Hydrogen and carbon monoxide were 
s t i l l  e v o lv e d  when the c r u c ib le  was r e h e a te d  to  
1600° C entigrade  by a carbon b lo ck  under argon and 
the gas f lo w  r a t e s  remained u n a lte r e d  whether or  
not the r e s t  o f  the r e f r a c t o r y  assem bly  was p r e s e n t .
(v )  A n a ly s is  o f  the gaseou s atmosphere p r io r  to
the m e lt in g  o f  the charge on ex p e r im en ta l  runs  
showed th a t  i n i t i a l l y  water vapour and carbon  
d io x id e  were p r e s e n t  i n  the system . Ho hydrogen  
was p r e se n t  a t t h i s  s t a g e .  With the  m e l t in g  o f  th e  
charge and the o n se t  o f  the ear'bon-oxygen r e a c t i o n ,  
both  carbon monoxide and hydrogen were e v o lv e d  and 
the water vapour and carbon d io x id e  c o n t e n t s  
d im in ish ed  to  zero .
1‘h ese  exp er im en ts  in d ic a t e d  th a t  w ater vapour, i n i t i a l l y  
p r e se n t  i n  the c r u c ib le  as combined w ater , r e a c te d  d u rin g  the  
m elt w ith  carbon to  form carbon monoxide and hydrogen,
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)H2°lj + 1_C] .r- 0<[ + ( H 2>j . . .  (119)
F ig u r e s  63-b5 in d ic a t e  the r e l a t i v e  im portance of' t h i s  
oxygen so u rc e ,  F igure 65 shows a cum ulative  p l o t  o f  the  
w eight p e r c e n t  oxygen c o n tr ib u te d  by water and s i l i c a  
to g e th e r  w ith  th a t  removed by carbon as the m elt  p r o g r e s s e s .  
Under such c ir cu m sta n c es  where the d i s s o c i a t i o n  ra te  o f  
s i l i c a  i s  low , water p la y s  a s i g n i f i c a n t  p>art i n  
d e c a r b u r is a t io n  and must be accounted  f o r .  A t t r ib u t in g  a l l  
the l o s s  o f  carbon to  r e a c t io n  w ith  s i l i c a  would le a d  to  a 
c a lc u l a t e d  s i l i c o n  pickup o f  more than. 25% g r e a t e r  than th a t  
a c t u a l ly  a n a ly se d .  F ig u re s  63 and 61+ show th e  c o n t r i o u t io n  
o f  oxygen i n  210 m inutes from water and s i l i c a  to  m e lt s  i n  
m agnesia and a l u m in o s i l i c a t e  c r u c i b l e s  r e s p e c t i v e l y ,  p l o t t e d  
a g a in s t  the s t a t i c  oxygen c o n te n t  o f  the m e l t .  A lthough  
th ere  are s l i g h t  changes w ith  c r u c ib le  type and oxygen c o n te n t  
the  amount o f  oxygen c o n tr ib u te d  by water changes o n ly  
s l i g h t l y  from about 0 .0 3 W/ o .  Hence a t  h ig h  r e a c t i o n  r a t e s ,  
t j 'p i f i e d  by h ig h  s i l i c a  a c t i v i t i e s ,  h ig h  carbon c o n t e n t s  and 
low p r e s s u r e s ,  the c o n t r ib u t io n  o f  oxygen by w ater  becomes 
i n s i g n i f i c a n t  and the co m p o s it io n  o f  th e  g a seo u s  atmosphere  
r a r e ly  drops below  95% CO. At the  o th er  end o f  the  s c a l e ,  
however, where the oxygen c o n te n t  o f  the  m elt  i s  above the  
e q u il ib r iu m  va lu e  f o r  the s i l i c a  a c t i v i t y ,  w ater  i s  the  o n ly  
c o n tr ib u to r  o f  oxygen (m elt  19) and the lo w e r in g  o f  the  
carbon c o n te n t  can  o n ly  be a t t r ib u t e d  to  t h i s  so u r c e .
3 . 2 . D onation  o f  oxygen by m agn esia .
With 1% C m e lts  i n  m agnesia  c r u c ib l e s  i t  was n o t i c e d  
th a t  the  volume o f  gas measured by the f low m eter  v/as l e s s  
than the  volume o f  carbon monoxide c a lc u l a t e d  from l o s s  o f  
carbon. At the same t im e , a r u b b e r y - te x ta r e d  m a t e r ia l  was
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found on the top o f  each c r u c ib le  which, had not ‘been se en  
on o th er  h e a t s .  Subsequent a n a ly s e s  o f  t h i s  m a te r ia l  are  
shown i n  Table 16, which show i t  to  be composed m ain ly  o f  
i r o n ,  m agnesia and carbon. The p r o p o r t io n  o f  m agnesia  to  
carbon v/as, i n  g e n e r a l ,  about 4 to  1 which would be e x p e c te d  
from the o x id a t io n  o f  magnesium by carbon monoxide a c co r d in g  
t o ,
( i i g \  + | c o \  ^  < % 0 > + < ' c >  . . . (1 2 0 )
1 (AO) (12)
Thus each mole o f  carbon monoxide produced by the r e a c t i o n  ,
( a g o )  + [ c ]  | iJg^ j . . .  (3 9 )
was l o s t  to  the system  by the recom b in ation  o f  the two g a s e s
a t  low er tem p era tu res . Hence carbon may have been  removed
from the  m elt  by  r e a c t io n  w ith  m agnesia , but may not have
been  measured as carbon monoxide by the f lo w m ete r .
The d i s s o c i a t i o n  r a te  o f  m agnesia v/as c a l c u l a t e d  from
AV = AV„$C0( .n  -  (AVrn + AV„0 ) . . . ( 1 2 1 )
i^gO 1 SiOg HgO
where A V o  = volume o f  CO e v o lv e d  by r e a c t i o n  w ith
MgO _ MgO i n  At.
= t o t a l  volume o f  CO e v o lv e d ,  c a l c u l a t e d  
' ' * from carbon l o s s  by e q u a t io n  (113)
= volume o f  CO e v o lv e d  by r e a c t i o n  w ith  
SiO^ S i0 2 i n  A’t*
AVco = volume o f  CO e v o lv e d  by r e a c t i o n  w ith
H2O H^ O i n  A t. In  most o f  th e s e  m e l t s  t h i s
q u a n t i ty  i s  very  sm all compared w ith  the
t o t a l  CO e v o lv e d  and may be ig n o r e d .
Table 17 shows v a lu e s  o f  Vpo f o r  f i n e  m e l t s  o f  h ig h  carbon
MgO
c o n ten t  i n  m agnesia c r u c i b l e s  from which the  d i s s o c i a t i o n
r a te s  o f  m agnesia were c a l c u l a t e d .  The s p e c i f i c  r a t e s  o f
—7oxygen t r a n s f e r  were found to  vary  from O.i+b x 10 (1.0/oC,
760 t o r r )  to  1 .8 7  x 10~7 (1 .0^C , 76 t o r r )  m oles o f  o x y g en /
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s q .c m /s e c ,  which are i n  good agreement w ith  the work o f  
Brotzmann ( 1 0 7 ) who o b ta in ed  0 .67(0.1% C, 20 t o r r )  -  3 .1  x 10“  ^
( 1 . 0 %G, 1 t o r r )  m oles o f  o x y g e n /sq .c m /se c .
f a b le  18 and f ig u r e  63 show the v a r io u s  c o n t r ib u t io n s  
o f  oxygen from a l l  o x id e s  p r e se n t  i n  m agnesia c r u c i b l e s  which  
are compared a t  the v a r io u s  l e v e l s  o f  the m elt  oxygen c o n t e n t .  
These show t h a t ,  w ith  i n i t i a l  carbon c o n te n t s  o f  o .l% , o n ly  
s i l i c a  and water have c o n tr ib u te d  oxygen i C° ,1 = 0.0122 -  
0 . 003%) but th a t  w ith  i n i t i a l  carbon c o n te n t s  o f  1 . 0 % and 
oxygen c o n t e n t s  o f  0 .0 0 1 k  -  0 . 0022% the d eco m p o sit io n  o f  
m agnesia becomes im portant and must be taken  i n t o  a c co u n t .
3 .3 .  D on ation  o f  oxygen by alum ina.
A n a ly s is  o f  the  s o l i d i f i e d  in g o t s  showed th a t
aluminium had b een  p ic k e d  up by 1%C m e lts  a t  76 and 3 t o r r
i n  b oth  A lo0 v -  7 S i0 o and Alo0 ,  -  3 7 S i0 o c r u c i b l e s .  No d. j  d d p d
pickup (-£.oo2%  A l) had occurred  w ith  h igh  carbon, 160 t o r r  
m e lts  or any o f  the m e l t s  having  i n i t i a l  carbon c o n t e n t s  o f  
0.1%. Table 19 g i v e s  a l i s t  o f  h e a t s  where aluminium p ickup  
occu rred  and shows an in c r e a s e  i n  the f i n a l  aluminium c o ii te n t  
w ith  d ecrea se  o f  p r e ssu r e  and oxygen c o n te n t  and w ith  in c r e a s e  
i n  the alumina c o n te n t  o f  the c r u c i b l e ,  f i g u r e  6/4 and Table  
20 a l s o  show th a t  the c o n t r ib u t io n  o f  oxygen from s i l i c a  and 
water i s  i n s u f f i c i e n t  to  account f o r  a l l  the  carbon l o s t  by  
the  m e l t s ,  m a r g in a lly  w ith  61% Al^O^ c r u c i b l e s ,  bu t to  a 
• much la r g e r  e x te n t  w ith  93% ^ 2^3 c r a c i ^ l e s *
In  c o n tr a s t  to  the d i s s o c i a t i o n  o f  m agnesia where b oth  
p rod u cts  are g a se o u s ,  i t  i s  to  be e x p e c te d  th a t  aluminium, 
formed by d eco m p o sit io n  o f  alum ina, w i l l  go i n t o  s o l u t i o n  i n  
the l i q u i d  iro n -ca r b o n  m e lt .  V/ith 93% ^ 2 °  3 c r u c i b l e s  ( 1 . 0 /C , 
3 and 76 t o r r )  the volume o f  gas c a l c u l a t e d  from the  carb on
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uruu was g r e a te r  m an  Tinat measured, by the f lo w m ete r .  By 
com parison w ith .m ag n es ia  m e lt s  t h i s  in d ic a t e d  th a t  
aluminium was B e in g  o x id i s e d  By carbon m onoxide. However, 
s in c e  condensed s p e c i e s  were r a r e ly  p r e se n t  and s in c e  the  
v o l a t i l i s a t i o n  of* such low c o n c e n tr a t io n s  o f  aluminium would 
n ot Be exx^ected i t  i s  thought th a t  o x id a t io n  o f  the  aluminium - 
must have occurred  on the su r fa c e  o f  the m e l t .  There i s  some 
support f o r  t h i s  i n  th a t  on many o f  th e se  m e l t s  a scum was 
se e n  to  form on the edges o f  the m elt  s u r f a c e .  On c o o l in g  
down, however, t h i s  scum was o n ly  v i s i b l e  as an e x tr em e ly  
t h i n  la y e r  o f  su r fa c e  o x id e ,  the a n a l y s i s  o f  which was 
im p o s s ib le .  In  v iew  o f th e se  c o n s id e r a t io n s ,  th e s e  
d e te r m in a t io n s  must remain somewhat i n c o n c lu s i v e ,  But even  
s o ,  as an i n d ic a t io n ,  the s p e c i f i c  r a te  o f  oxygen t r a n s f e r  
has Been c a lc u la t e d  (.Table 19) B ased , f i r s t l y  on the  q u a n t i ty  
o f  aluminium p ic k e d  up By the m e lt  and se c o n d ly  on the  
carbon removed i n  e x c e s s  o f  th a t  n e c e s s a r y  f o r  r e a c t i o n  w ith  
s i l i c a .  The r e s u l t s  o f  th e se  l a s t  c a l c u l a t i o n s  g iv e  a
—P>
s p e c i f i c  r a te  o f  5 -7  xlO“ m oles o f  o x y g e n /sq .6 m /se c
tr a n s fe r r e d  from alumina to  the  m e l t .  These are above the
Pv a lu e s  o f  0 .0 1 5  -  1 .3  x 10“ n0/ s q .  cm /sec g iv e n  By P a r le e ( 8 5 )  
(Table 6) and 3 .6  x 10“ 8 t \ / s q .  cm /sec  g iv e n  By F is c h e r  and 
Hoffman. V alues from the amount o f  aluminium p ic k e d  up 
throughout the m e l t ,  Based on the average mass o f  the  charge  
(1950-2050  gm) vary  from O.96-U .8  x 10“ 8 f o r  6 lA l20 ^ - S i0 2
o
c r u c i b l e s  and 2 . -M i-8 x 10“ f y / s q .  cm /sec f o r  93A120 ^ -S i0 2 
c r u c ib l e s  which seem to  be i n  b e t te r '  agreement w ith  the  o th e r  
p u b lish e d  v a lu e s .
U. D ecom position  o f  s i l i c a .
l+ . l .  O en era l.
1 0 0
4 . 2 .
f o o t n o te
one m eta l s i l i c o n  c o n ten  
a g a in s t  time f o r  a l l  c r u c i b l e s  i n v e s t i g a t e d .  A lso  g iv e n
below  the graphs i s  the average oxygen c o n te n t  and the r a te
d r^/ o S io f  s i l i c o n  t r a n s f e r  — ----  a t  th r ee  v a lu e s  o f  th e  tim e t .
In  a l l  m e l t s ,  but th o se  where the carbon c o n te n t  f e l l  to  a l o  
v a lu e ,  the  oxygen c o n te n t  was k ep t  a t  a c o n s ta n t  l e v e l '  by  
r e a c t io n  w ith  carbon and fo l lo w e d  a p a t t e r n  s im i la r  to  
F igu re  2 8 . I t  can be se en  th a t  an in c r e a s e  i n  the  carbon  
c o n te n t  and a d ec re a se  i n  the p r e ssu r e  r e s u l t s  i n  lo w er in g  
o f  the s t a t i c  oxygen c o n te n t  and a h ig h er  c o n c e n tr a t io n  o f  
s i l i c o n  i n  the  m elt  a t  any t im e .
E xtent o f  the s i l i c a  d eco m p o sit io n  r e a c t io n .
The r a te  o f  d i s s o c i a t i o n  o f  s i l i c a  from a lu r n in o s i l i c a t e  
and m agnesia, r e f r a c t o r i e s ,  as measured by the., amount o f  
s i l i c o n  p ic k e d  up by the m e ta l ,  d ecrea sed  w ith  tim e and i n  
many c a s e s  approached zero ( .f ig u r e s  6 6 -7 0 ) .  T h is  may be due 
t o ,
, i i )  e l im in a t io n  o f  carbon, r e s t r i c t i n g  the
r a te  o f  the C-G r e a c t i o n  and r e s u l t i n g  i n  an
in c r e a s e  in  the s o lu b le  oxygen c o n t e n t .  The 
r e a c t io n  s low s down and e v e n t u a l ly  c e a s e s  when 
the oxygen l e v e l  r i s e s  above th a t  i n  e q u i l ib r iu m  
w ith  the a c t i v i t y  o f  s i l i c a  and the  s i l i c o n  
c o n te n t  o f  the m e ta l .
<
( i i )  com plete removal o f  s i l i c a  due to  i t s
l e a c h in g  out by the d i s s o c i a t i o n  r e a c t i o n  and 
r e s u l t i n g  i n  i t s  com plete  rep lacem ent by the  
rem aining alum ina.
( . i i i )  the approaching o f  an e q u i l ib r iu m  s t a t e
: H er ea fte r  r e f e r r e d  to  as the s t a t i c  oxygen c o n t e n t .
1 0 1
oatween the  a c t i v i t y  ol s i l i c a  a t  the i n t e r f a c e  
and the s i l i c o n ' a n d  oxygen c o n t e n t s  o f  the  hulk  
m e ta l .
with m e lts  MAG 37, 90; M 89? kk ,  h i ;  P 67 , 68 , 87;
HS 8h, 88; t h i s  zero ra te  v/as approached though never  
a c t u a l ly  a c h iev e d , h a t  in  m e lt s  HAG 82, 19, 18, 7o; M 86,
.8-5* 8-9; P 37 , 61, 79; HS 63, 68, 6b, 71; an e q u i l ib r iu m  s t a t e  
appeared to  he e s t a b l i s h e d  as in d ic a t e d  hy the  s lo p e s  o f  the  
c a r v e s  i n  F ig u re s  6 6 -7 0 .
For f a r t h e r  i n v e s t i g a t i o n  o f  t h i s  phenomenon a sample 
o f  the r e f r a c t o r y  la y e r  i n  immediate c o n ta c t  w ith  the m eta l  
was scraped o f f  the c r u c ib le  a f t e r  each m e lt .  G reat p a in s  
were taken  to  remove as l i t t l e  o f  the  su r fa c e  as p o s s i b l e .  
Chemical a n a ly s e s  o f  th e se  sam ples shown i n  Table 21 i l l u s ­
t r a t e  the la r g e  l o s s e s  o f  s i l i c a  which occurred  a t  the  
su rfa ce  durin g  the m e lt .  A -ray d i f f r a c t i o n  s t u d i e s  were a l s o  
c a r r ie d  out on tr a n sv e r s e  s e c t i o n s  o f  s e v e r a l  c r u c i b l e s ,  
mounted in  a r a ld i t e  under vacuum. A fte r  a n a l y s i s  o f  the  
su rfa c e  la y e r ,  the specim en was su r fa c e  ground and r e ­
examined i n  s te ijs  o f  20 thousands o f  an in c h .  A lthough the  
s i l i c a  g l a s s ,  known to  be p r e s e n t ,  cou ld  not be d e t e c t e d  by  
t h i s  tec h n iq u e ,  Table 22 does show t h a t ,  in  many c a s e s ,  
m u l l i t e  (and th e r e fo r e  s i l i c a )  has been  consumed a t  the  
s u r fa c e .  Melt 57, on the  o th er  hand, hav ing  a h ig h  oxygen  
c o n te n t  o f  0 .0 2 0 " /o  shows o n ly  v e ry  s l i g h t  a t ta c k  a t  the , 
su rfa ce  as m ight be e x p e c te d .  The o r ig i n a l  p h a se s  o f  the  
c r u c ib le  become apparent as the depth  below  the  su r fa c e  
in c r e a s e s .  From th e s e  r e s u l t s ,  the c r u c ib le  would g e n e r a l ly  
appear to  be a t ta c k e d  to  a depth o f  20-8-0 th ou . (0 . 05- 0 .1  bin) 
at low oxygen c o n te n ts  ( <  .0025/o) and v i r t u a l l y  n o t  a t  a l l  a t
1 0 2
The a c t i v i t y  of* s i l i c a  f i n a l l y  in  c o n ta c t  w ith  the  m elt  
has "been c a lc u la t e d  I'rom the f i n a l  s i l i c o n  and oxygen  c o n te n t s  
acco rd in g  t o ,
( s i o 2> 5== [ S i ]  + 2 [o ]  . . .  ( 33)
where K , ,  = 2 .5  x 10- 3  =
33 < a s i0 2 >
/ /  x j s  ^ i s  assumed have been  used i n s t e to  equal u n i ty  and c o n c e n tr a t io n s  ad o f  a c t i v i t i e s .
The a c t i v i t y  o f  s i l i c a  thus c a lc u la t e d  is^hown i n  Table  
23 to g e th e r  v/ith the an a ly sed  s i l i c a  c o n ten t  o f  the c r u c ib le  
su r fa c e  la y e r .  F igure  71 shov/s a p l o t  of the c a l c u l a t e d  
f i n a l  a g a in s t  the  s i l i c a  c o n te n t  o f  scraped  sam p les .
T his shov/s th a t  the r e l a t io n s h ip  from the p r e se n t  ex p er im en ts
i s  not the one th a t  might be e x p e c te d ,  the a c , t i y i t y  h a v in g
reached h igh  v a lu e s  a t  o n ly  m od erate ly  lev/ s i l i c a  c o n t e n t s .
T h is  i s  to  be e x p e c te d  where the m elt  oxygen and s i l i c o n
c o n te n t s  are below the e q u i l ib r iu m  v a lu e s  f o r  m u l l i t e  t a 0,-o =
u 2
0.1^2) where = 1 ,0 1  x 10- 3 . Here, w ith  0.j = 0 .0 2  o n ly
0 .0 2 5/> s i l i c o n  i s  req u ired  i n  the m elt  to  e s t a b l i s h  
e q u il ib r iu m  and, under such c o n d i t io n s  m u l l i t e  can be 
c o n s id e r e d  more or l e s s  i n e r t  and would n o t  be e x p e c te d  to  
d i s s o c i a t e .  At 1600° C entigrade grade P c r u c i b l e s  c o n s i s t  o f  
ap p rox im ate ly  20% s i l i c a  g l a s s  and 80/S m u l l i t e  and grade M 
c r u c i b l e s  c o n s i s t  o f  about 5 0 /5 0  m u l l i t e / s i l i c a  g l a s s .
F igu re  71 i n d ic a t e s  th a t  o n ly  the s i l i c a t e  m a tr ix  o f  th e s e  
c r u c i b l e s  would be ex /jec ted  to  d i s s o c i a t e  a t  h ig h  oxygen  
c o n te n ts  and, i f  time a l lo w s ,  the s i l i c o n  c o n te n t  w i l l  
co n tin u e  to  in c r e a se  u n t i l  e q u i l ib r iu m  i s  e s t a b l i s h e d  w ith  
the s i l i c a .  In  some c a s e s  the e q u il ib r iu m  s i l i c o n  c o n t e n t  i s
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too  h igh  f o r  t h i s - t o  happen and most of  the  s i l i c a  and 
m u l l i t e  are le a c h e d  away b e fo r e  e q u i l ib r iu m  i s  reach ed ,  
i i e l t s  which f a l l  betw een  th e se  two extrem es reach  e q u i l ib r iu m  
w ith  m u l l i t e  + alum ina. I t  i s  worth n o t in g  t h a t  w ith  the HS 
c r u c ib le  the c o l l o i d a l  s i l i c a  bond would be e x p e c te d  to  
transform  to  m u l l i t e  a t  1600° C en tig ra d e , f i g u r e  71 shows 
th a t  an ag^Q va lu e  o f  0.A2 i s  approached a t  1% SiO^, the
c o n te n t  o f  t h i s  c r u c i b l e ,  ih e  mole f r a c t i o n  o f  s i l i c a L
p r e se n t  should  not r e a l l y  be used in  p la c e  o f  th e  a c t i v i t y  
i n  a l l  c a s e s  s in c e  i t  seems th a t  the amount o f  phase p r e s e n t  
does not always determ ine the  f i n a l  e q u i l ib r iu m .
For k i n e t i c  c o n s id e r a t io n s  a l s o  i t  may be b e t t e r  to  
a s s e s s  the  amount o f  each phase p r e se n t  and, knowing the  
tru e  a c t i v i t y  o f s i l i c a  i n  th a t  p h ase , c a l c u l a t e  the se p a r a te  
r a t e s  o f  t r a n s f e r .
F igure  72 shows a p l o t  o f  the f i n a l  s i l i c a  c o n te n t  o f  
th e  c r u c ib le  su r fa c e  la y e r  a g a in s t  'the oxygen c o n te n t  o f  the  
m e lt .  I t  can be se en  th a t  the d e p l e t io n  o f  s i l i c a  from the. 
i n t e r f a c e  i s  dependent upon th e  s o lu b le  oxygen l e v e l  and as  
t h i s  r i s e s  above 0 .0 2 ^  the s i l i c a  approaches i t s  i n i t i a l  
v a lu e .
' F igure  73 shows the  same d a ta  p l o t t e d  i n  term s o f  % 
s i l i c a  d e p le t io n  a g a in s t  oxygen c o n te n t .  Here a l l  p o i n t s  
l i e  app rox im ate ly  on the same curve i n  s p i t e  o f  th e  d i f f e r e n t  
c r u c ib le  t y p e s .
F ig u re s  7U- and 75 show the e x t e n t  o f  the  r e a c t i o n ,  
measured by the  f i n a l  s i l i c o n  c o n te n t ,  as a f f e c t e d  by the  
s t a t i c  oxygen c o n te n t  o f  the m elt  and c r u c ib le  c o m p o s it io n .
As would be e x p e c te d  from e q u a t io n  (33) the amount o f  s i l i c o n ,  
and th e r e fo r e  oxygen, t r a n s f e r r e d  to  the  m elt  has in c r e a s e d
1 0 i.{-
w ith  in c r e a s in g  s i l iC 3  c o n te n t  o f  the c r u c ib le  and w ith  
d e c r e a s in g  oxygen c o n te n t .  The d i f f e r e n c e s  "between the  
c r u c i b l e s  have "become more apjjarent a t  low oxygen l e v e l s  
■where the amount o f  s i l i c o n  n ecessa ry , to  a c h ie v e  e q u il ib r iu m  
i s  d r a s t i c a l l y  in c r e a s e d .  Thus, whether or n o t  e q u il ib r iu m  
i s  a ch iev ed  depends both on the a c t i v i t y  o f  s i l i c a  and the  
tim e a v a i la b l e .  M elts i n  low s i l i c a  c r u c i b l e s  (bSiO^-MgO, 
7 S i0 9- A l 20 3 ) appeared to  ach iev e  e q u i l ib r iu m  i n  a l l  c a s e s  as  
d id  the low carbon m e lt s  w ith  the h ig h er  s i l i c a  c r u c i b l e s  
(5b SiOg-Al^O^, 3 7 S i0 2- A l20 ^ ) , With the h ig h  carbon m e lts  
i n  h ig h  s i l i c a  c r u c i b l e s ,  however, the  r e a c t io n  was s t i l l  
p r o c ee d in g  ev en  a f t e r  f i v e  hours as in d ic a t e d  by the  p l o t s  
o f  s i l i c o n  a g a in s t  time i n  f i g u r e s  6 6 -7 0 , T h is  s u g g e s t s  
th a t  the te r m in a t io n  o f  r e a c t io n  has not b een  due to  p h y s i c a l  
f a c t o r s  such as the su r fa c e  t e n s io n  betw een l i q u i d  i r o n  and 
r e f r a c t o r y  which m ight p o s s i b l y  be thought to  cau se  c e s s a t i o n  
of th e  r e a c t io n  v/hen the l i q u i d  i n t e r f a c e  l o s t  c o n ta c t  w ith  
the s i l i c a - b e a r i n g  r e f r a c t o r y  due t o  the  h o le s  and p o r e s  
c r e a te d  by the l e a c h in g  out o f  th e s e  components. I n s te a d  i t  
would seem t h a t  the r e a c t io n  has co n t in u ed  to  p ro ceed  u n t i l  
e q u il ib r iu m  has b een  reached w ith  the  s i l i c a  r e m a in in g la t  
i t s  average a c t i v i t y )  and the  bu lk  s i l i c o n  and oxygen  
c o n t e n t s .  Even so ,  as has a lr e a d y  b een  m entioned , where th e  
b u lk  oxygen c o n c e n tr a t io n  v/as h ig h ,  i . e .  a t  low  carbon  
c o n te n t s  and h ig h  Pqq v a lu e s ,  the m u l l i t e  phase d id  not  
d i s s o c i a t e  and e q u i l ib r iu m  was reached  w ith  th e  s i l i c a t e  
m atrix  o f  the c r u c i b l e .
U .3 . K in e t i c s  o f  s i l i c a  d i s s o c i a t i o n .
1+.3»1* G en era l.
A lthough the  t o t a l  s i l i c o n  pickup i s  an i n d i c a t i o n  o f
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one u v e r a n  s oaux-Lx o,y ui one o r u u iu ie  i t  g i v e s  l i t t l e  
in fo r m a tio n  w ith  r e s p e c t  to  'the l o c a l  c o n d i t io n s  which vary  
over the su r fa c e  o f  the c r u c i b l e .
S e c t io n s  o f  the MAG-, HS, P and M c r u c i b l e s  were h e ld  at  
1600° C entigrade f o r  fo u r  h o a r s ,  under vacuum, and water  
quenched. A fte r  vacuum mounting i n  A r a ld i t e  th e  specim ens  
were l i g h t l y  e tc h e d  i n  a 3% HP s o l u t i o n ,  examined and 
photographed. Specimens i n  the  a s - s u p p l ie d  c o n d i t io n  were 
a l s o  examined f o r  comparison and the  p h ases  p r e s e n t  are g iv e n  
i n  f a b le  11 . I t  i s  thought th a t  the  h e a t - t r e a t e d  s t r u c t u r e s  
shown in  F ig u re s  76-79  a d e q u a te ly  r e p r e se n t  the  c r u c ib le  
su r fa c e  a t  1600° C entigrade p r io r  to  the o n se t  o f  r e a c t i o n .
As in d ic a te d  from the SiC^-A^O^, e q u i l ib r iu m  diagram shown 
i n  F igure  80 , the X -ray d i f f r a c t i o n  s t u d ie s  g iv e n  e a r l i e r  
and m icro sco p ic  ex am in ation , the M c r u c i b l e s  ( 56W/ o S i 02 -  
AI2O3 ) a t  l6 0 0 °  C entigrade  c o n s i s t  o f  hh'VoSiO^ m a tr ix  and 
kd^/o  m u l l i t e  n e e d le s ;  the P c r u c i b l e s
1600° C entigrade c o n s i s t  o f  23W/ o S i 02 m atrix  and 77W/ o  m u l l i t e  
n e e d le s ;  and the HS grade ^ V o S iO ^  -  Al^O^) c o n s i s t s  o f  
67w/ o  corundum g r a in s  w ith  33W/ o  m u l l i t e  a t  g r a in  b o u n d a r ie s .  
During the  m elt  th e  s i l i c a t e  m atr ix  d i s s o l v e s  FeO and may <3 
form an ir o n  s i l i c a t e  l i q u i d  a t  the s u r fa c e .
The r a te  o f  d i s s o l u t i o n  o f  s i l i c a  w i l l ,  t h e r e f o r e ,  vary  
w ith  the phase and t h i s  i s  i l l u s t r a t e d  i n  F igu re  81 (Table  
2 k ) . Here the  t o t a l  s i l i c o n  t r a n s f e r ,  p l o t t e d  a g a in s t  the  
s t a t i c  bulk oxygen c o n te n t ,  i s  c a lc u la t e d  i n  term s o f  m oles  
of  s i l i c o n  per  u n it  area of s i l i c a ,  by  d iv id in g  the  s i l i c o n  
c o n te n t  a c h iev e d  a t  the end o f  the m elt  ( t  = 1 8 ,0 0 0  s )  by tz 
the  mole f r a c t i o n  of s i l i c a  i n i t i a l l y  p r e se n t  i n  th e  c r u c i b l e .  
T h is assumes th a t  the c r u c ib le  can be r e p r e se n te d  b y  a r e a s
1 0 6
nva. OlJLJH-i. ajLUillJ.JLJ.Cl CIO 1J.J.U O U 1 cl OCU OUIiUlUcl 0 ± l3 c i± ± {y ±11
F igu re  82 , and th a t  the  r e a c t io n  p roceed s  e v e n ly  over  the  
whole s u r fa c e .  As F igu re  81 shows, th o se  c r u c i b l e s  which  
can ach ieve  e q u i l ib r iu m  at low oxygen l e v e l s  e i t h e r  due to  
t h e i r  low a c t i v i t y  o f  s i l i c a  (MAG, HS) or to  t h e i r  r a p id  
r e a c t io n  r a t e s  ( 92S i 02~Al20^) g e n e r a l ly  a c h iev e  a h ig h e r  
s p e c i f i c  s i l i c o n  t r a n s f e r  f o r  a g iv e n  oxygen c o n t e n t .
Those c r u c i b l e s  which have m u l l i t e  p r e se n t  (^TSiOg-AlgO^ 
and USSiO^-Al^O^) cannot a c h iev e  t h e i r  e q u i l ib r iu m  s i l i c o n  
v a lu e s  f o r  low  oxygen c o n te n ts  i n  the  time a v a i la b l e  and 
c o n se q u e n t ly  show a low er s p e c i f i c  s i l i c o n  t r a n s f e r .
F o llo w in g  on from t h i s  approach i t  i s  o f  i n t e r e s t  to
c a l c u l a t e  the  depth  o f  e r o s io n  o f  the  s i l i c a t e  phase u s in g  
the  r e l a t i o n s h i p ,
ASiO„ x x P Si CL, = wt o f  SiO^ t r a n s fe r r e d  to  m eta l
2 2 . . .  (1 2 2 )
where A-siO = area °1‘ c o n ta c t  betw een s i l i c a  and m eta l  
 ^ assuming the c o n d i t io n s  i n  F igu re  82 to  
app ly  where remains c o n s ta n t  w ith
tim e and i s  eq u a l to  hg^Q x A^.
W . = depth  o f  e r o s io n  o f  s i l i c a
p  = d e n s i t y  o f  s i l i c a  = 2 .2  gm /cc .
The w eight o f  s i l i c a  t r a n s fe r r e d  to  the  m elt  (gms)
mass o f  m elt= wt/'o S i
&Si • 100
a n d  H = n c e  it -  wt^Si U  + 2 M ) M ’a n d  H „ n o e  -   k R , .  .  .  ( 1 2 3 )  •
% i0 2 x  AR x ?Sx02 x  100 
where M = 2 ,0 0 0  gms.
and A^ = 200 cm^.
The r e l a t i o n s h i p  betw een // and oxygen c o n te n t  i s  shown 
i n  F igure 83 f o r  th ree  a l u m i n o s i l i c a t e  c r u c i b l e s  where i t  can
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be se e n  th a t  t h i s  q u a n t i ty ,  l i k e  the  s p e c i f i c  s i l i c o n  
t r a n s f e r ,  i s  s e n s i t i v e  to  changes in  oxygen c o n te n t  a t  the  
low er  l e v e l s  and in c r e a s e s  as the i n i t i a l  s i l i c a  c o n te n t  o f  
the c r u c ib le  d e c r e a s e s .  I t  w i l l  a l s o  be n o t ic e d  th a t  the  
agreement betw een  th e s e  c a l c u l a t i o n s  and the X -ray d i f f r a c t i o n  
work rep o rted  e a r l i e r  i s  good, g iv in g  the depth o f  r e a c t io n  
a t  low oxygen c o n te n t s  o f  0 . 05- 0 .1  cm.
These d i f f e r e n c e s  i n  the  b eh av iou r  o f  c r u c i b l e s  shown 
i n  F ig u r e s  81 and 83 are n o t  n e c e s s a r i l y  due to  e q u i l ib r iu m  
and time c o n s id e r a t io n s ,  i . e .  the r a te  o f  d e c o m p o s it io n  o f  
the  s i l i c a  b e a r in g  p h ases  w i l l  vary  both  w ith  t h e i r  
co m p o s it io n  and p o s i t i o n  and the c o n c e n tr a t io n s  o f  s i l i c o n  
and oxygen i n  the m e lt .
F igure 81+ (Table 25) shows th e  s p e c i f i c  r a te  o f  s i l i c o n  
o
t r a n s f e r  (moles/dm s i l i c a / s e c )  p l o t t e d  a g a in s t  the  m elt  
oxygen c o n te n t  a t  t  = 6 0 0 s .  The form er has b een  c a lc u l a t e d  
from a knowledge o f  the  i n i t i a l  s i l i c a  c o n c e n tr a t io n  and th e  
r a te  o f  s i l i c o n  p ic k -u p  a t  t  = 6 0 0 s .
- w /I t  can be se en  t h a t ,  a t  oxygen l e v e l s  below  0 .0 0 5  / o ,  
the  s p e c i f i c  r a te  o f  s i l i c o n  t r a n s f e r  i s  much h ig h e r  f o r  the  
7%Si02-A l20^ and 8%Si02-Mg0 c r u c i b l e s  than f o r  th e  l+6^oSi02 -  
A1o0 t and 57^Si0o- A l o0 ,  c r u c i b l e s .  This c o u ld ,  i n  p r i n c i p l e ,c. j  c. D
be due to  th ree  r e a so n s .
( i )  The s i l i c a  i n  the  KS(7 foSiO^-Al^O^)
c r u c i b l e s  i s  p r e s e n t  o n ly  as a bonding  m a t e r ia l ,* .
i n i t i a l l y  as 0  ^ or q u artz  and, as w ith  the  
95%Si02 m a te r ia l ,  has a ' l o c a l  s i l i c a  a c t i v i t y  
o f  u n i t y .  Thus th o se  c r u c i b l e s  h a v in g  s i l i c a  
i n  the uncombined form e x h i b i t  a h ig h e r  s p e c i f i c  
r a te  o f  s i l i c o n  t r a n s f e r  than th o se  where p a r t
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U i )
U i i )
or the  whole o f  the s i l i c a  i s  combined as  
m a l l i t e ,  even  though i n  th e se  c a s e s  the  t o t a l  
s i l i c a  c o n te n t  o f  the c r u c ib le  i s  h ig h e r .
The s i l i c a  i n  the  nS and HAG grades  
r e p r e s e n t s  the  t o t a l  s i l i c a  c o n te n t  o f  th e s e  
c r u c i b l e s  and, b e in g  the  bond, i s  p r e s e n t  a t  
g r a in  b ou n d a ries  o n ly .  Because o f  th e  h ig h  
e n e r g ie s  a s s o c i a t e d  w ith  th e se  r e g io n s ,  r a t e s  o f  
d i s s o c i a t i o n  and d i f f u s i o n  w i l l  be f a s t e r  than  
a t  the c en tr e  o f  a la r g e  g r a in .
When c o n s id e r in g  the  r e a c t io n  on a m icro­
s c a le  the  tru e  a c t i v i t y  o f  the p h a ses  must be 
used . These p h a se s ,  h av in g  t h e i r  own e q u i l ib r iu m  
c o n c e n tr a t io n s  o f  s i l i c o n  and oxygen d i s s o l v e d  i n  
the  a d ja cen t  l i q u i d  m eta l ,  s e t  up a d i f f u s i o n  
g r a d ie n t  a c r o s s  the boundary la y e r  which i s  
s t e e p e r  the low er the bulk s i l i c o n  and oxygen  
c o n c e n tr a t io n s .  The oxygen l e v e l  i n  the  b u lk  
l i q u i d  i s  g e n e r a l ly  m ain ta ined  c o n s ta n t  by the  
carbon-oxygen  r e a c t i o n ,  whereas the  s i l i c o n  c o n te n t  
i n c r e a s e s  u n t i l  e q u i l ib r iu m  i s  e s t a b l i s h e d .  Hence 
a t  any time the  s i l i c o n  c o n ten t  o f  a m e lt  i n  a 
h ig h  s i l i c a  c r u c ib le  i s  h ig h er  than  t h a t  o f  a 
low s i l i c a  c r u c ib le  as shown i n  P ig u r e s  6 6 -7 0 ,  7k  
and 75? .vith the  r e s u l t  th a t  d i f f u s i o n  g r a d ie n t s  
are l e s s  steep* p a r t i c u l a r l y  i f  the  r e a c t in g  
phase i s  m u l l i t e  and n o t 'p u re  s i l i c a .  Hence w ith  
r e s p e c t  to  a u n i t  area o f  s i l i c a  the  d i f f u s i o n  
g r a d ie n t  i s  s t e e p e r  f o r  HS and HAG g rad es than  
f o r  M, P and s i l i c a  c r u c i b l e s  and, t h e r e f o r e ,
109
■both, the s p e c i f i c  r a te  o f  s i l i c o n  t r a n s f e r  and 
the t o t a l  s p e c i f i c  s i l i c o n  t r a n s f e r  are h ig h e r .  
T h is l a t t e r  e x p la n a t io n  o f  the l o c a l  r a t e s  o f  t r a n s f e r  
i s  p rob ab ly  the most c o r r e c t  s i n c e ,  as w i l l  he shown l a t e r ,  
when the s i l i c o n  c o n ten t  o f  the  m etal i s  tak en  i n t o  a cco u n t ,  
the  low s i l i c a  c r u c ib l e s  obey the  same r a te  law s as  th e  h ig h  
s i l i c a  g r a d e s .
Ij.. 3 . 2 . Mass t r a n s f e r  models based  on the boundary la y e r  th e o r y .  
h*3 * 2 . 1 . I n tr o d u c t io n .
Mass t r a n s f e r  by d i f f u s i o n  obeys the m o d i f i c a t io n  o f  
i ’i c k ' s  f i r s t  law,
dn = q A (C3 -  Cg ) . . .  (71)
d t I
where = c o n c e n tr a t io n  o f  s o lu te  i n  bu lk  medium.
C = su r fa c e  c o n c e n tr a t io n  o f  s o l u t e ,  u s u a l l yb
assumed to  be i n  e q u i l ib r iu m  w ith  the  
second p h a se .
In e q u a t io n  (71) |& i s  the mass t r a n s f e r  c o e f f i c i e n t  
and, w h i l s t  i t  can be in t e r p r e t e d  in  many ways, i t  i s  
g e n e r a l ly  e x p r e sse d  as the  r a t i o  o f  the  d i f f u s i o n  c o e f f i c i e n t  
to  the  t h ic k n e s s  o f  the boundary la y e r ,  i . e .  ^  . There are  
many d i f f i c u l t i e s  a s s o c ia t e d  vdth  the i n t e r p r e t a t i o n  o f  
e q u a t io n s  such as ( 7 1 ) .  The v a lu e s  o f  the d i f f u s i o n  
c o e f f i c i e n t  o f  many e lem en ts  i n  l iq u i d  ir o n  are n ot known 
w ith  a b s o lu te  c e r t a i n t y .  w h i l s t  D f o r  carbon has b e e n  f a i r l y
_  £■ /p #
a c c u r a t e ly  e s t a b l i s h e d  as 7 -8  x 1 0 ~ ^ (3 ,55?86) cn fV sec  a t  
1600° C en tig ra d e , the  b e s t  v a lu e s  f o r  oxygen and s i l i c o n  are
not so w e l l  known. I t  i s  th o u gh t, however, th a t  th e  b e s t
—i± 2  —va lu e  f o r  both  th e s e  e lem en ts  i s  1 x 10"^ 6’m / s e c  ( 5 8 ,1 3 3 ) .
G e n e r a lly  the v a lu e  f o r  $ in c r e a s e s  w ith  the d i f f u s i o n  
c o e f f i c i e n t  but f a c t o r s  a f f e c t i n g  the  f lo w  a t  the d i f f u s i o n
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in d u c t io n  s t i r r i n g  a l s o  e x e r t  a la r g e  in f l u e n c e .
The c o n c e n t r a t io n ' ( o r  a c t i v i t y  i f  used) o f  the s o lu te  
a t  the  second phase in t e r f a c e  may a l s o  not be a c c u r a t e ly  
known. T his w i l l  depend on, and w i l l  vary w ith ,  such f a c t o r s  
as the a c t i v i t y  o f  the second phase and the a c t i v i t i e s  o f  
any o th er  s o l u t e s  in v o lv e d ,  ;7hen s i l i c a  d i s s o c i a t e s ,  s i l i c o n  
and oxygen atoms are r e le a s e d  to  the m elt  a t  the r e f r a c t o r y — 
m eta l i n t e r f a c e .  The a c t i v i t i e s  o f  the s i l i c a  and s o l u t e s  
are taken to  be i n  e q u i l ib r iu m  a t  t h i s  p o s i t i o n ,  but t h e i r  
v a lu e s  are not known. They may be e s t im a te d ,  however, f i r s t l y  
by assuming th a t  the a c t i v i t y  o f  s i l i c o n  a t  the i n t e r f a c e  
Sip> i s  equal to  the  bulk c o n c e n tr a t io n  Sijj and th e n , by
ap p ly in g  the law o f  mass a c t io n  to  e q u a t io n  (33)
< k s io J >
.5  x 10- 5
.tie re Si. i s  assumed to  be u n i t y .
Secondly , as shown l a t e r ,  the d i f f u s i o n  e q u a t io n s  
th e m se lv e s  can be used to  e l im in a te  the su r fa c e  a c t i v i t i e s
o f  the s o l u t e s  accord in g  to ,
d S i .S s i .V h  + S i,,
K33 ( a S i o }  ~
( i.0_Si. ip  /
\  d t  h i  k )  “ I
'd S l . S o ,  V. MsjN + 0-r 
“ dt DQ A 2hO/ ...cm)
The d e te r m in a t io n  o f  0R i s  s t i l l  hampered, how ever, by  
a lack  o f  knowledge of the va lu e  f o r  the a c t i v i t y  o f  s i l i c a .  
The a c t i v i t i e s  o f  s i l i c a  and o th e r  o x id e s  i n  many s la g  system s  
are no^ known and, t h e r e f o r e ,  f o r  mass t r a n s i e r  Iroui s l a g s  
the  va lue  f o r  &Si 0  can a s i l a l l y  136 c h ° sen v/ith  some a ccu ra cy .  
A lso  when working w ith  pure o x id e s  the a c t i v i t y  i s  known to  
be u n i t y  and both  ex p er im en ta l worn and c a l c u l a t i o n s  may oe 
g r e a t l y  s i m p l i f i e d .  In th e se  i n v e s t i g a t i o n s ,  'how ever , the
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change c o n t i n u a l l y •during each e x p e r im e n t .as the s i l i c a  i s  
lea c h e d  away from the s u r fa c e .  The s i t u a t i o n  i s  made more 
complex s in c e  the c r u c i b l e s  are n o t made up o f  chunks o f  
s i l i c a  and alumina (or m agnesia) hut sep a ra te  p h a se s  such as  
m u l l i t e  and f o r s t e r i t e - a n d ,  t h e r e f o r e , the a c t i v i t y  o f  s i l i c a  
i n  the combined form should r e a l l y  be used . 3ven so ,  the  
s i l i c a t e  g l a s s  and m u l l i t e ,  which are the p h a se s  p r e s e n t  f o r
— W /co m p o sit io n s  betw een 5 and /0 / o  alumina vi 11 d i s s o c i a t e  a t  
d i f f e r e n t  r a t e s  once the oxygen c o n te n t  has been  low ered  
below  the corresp o n d in g  e q u il ib r iu m  v a lu e s  and t h e i r  a c t i v i t i e s  
w i l l  a g a in  be unknown.
.b'igure 85 shows v a lu e s  f o r  the  bulk s i l i c o n  c o n te n t  S i , T
ivi
c a lc u la t e d  f o r  v a r io u s  v a lu e s  o f Dq, Dgi , % ,
d?sSi from e q u a t io n  (12U ). I t  shows how s e n s i t i v e  to  v a r i a t i o n  
d t
some o f th e s e  param eters are , e s p e c i a l l y  a t  high r a t e s  o f
t r a n s f e r .  S l ig h t  in a c c u r a c ie s  i n  any one o f  them i s
s u f f i c i e n t  to  put the c a l c u l a t i o n  out by a la r g e  amount.
What now f o l lo w s  i s  an attem pt to  examine s e v e r a l  approaches
to  t h i s  problem, a l l  o f  which are based on the  boundary l a y e r
th e o r y .  The accu racy  by which the r a te  o f  s i l i c o n  t r a n s fe r
can be p r e d ic te d  from a knowledge o f  b a th  and c r u c ib l e
c o n d i t io n s  in c r e a s e s  p r o g r e s s i v e l y  from model I to  model IV.
The f i r s t ,  by ward (9 7 ) .  employs s e v e r a l  assum p tion s which
make i t  d i f f i c u l t  to  app ly  i n  a l l  c a s e s .  One p aram eter , the
«
g a s-m e ta l  i n t e r f a c i a l  area (Ag) i s  v i r t u a l l y  unknov/n and a t  
b e s t  can o n ly  be approxim ated. The Use o f  the measured  
stagn a n t su r fa c e  area to g e th e r  with the assum ption  th a t  the  
boundary la y e r  th ic k n e ss  a t  the  g a s -m e ta l  and c r u c ib l e - m e t a l  
i n t e r f a c e s  are eau a l l e a d s  to  such g r o ss  e r r o r s  t h a t  the
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a p p l ic a t io n  o f  t h i s  model becomes s e v e r e ly  l i m i t e d .
Models I I  to  IV avo id  the  va lu e  o f  AD- by as ins: thee,
a n a lysed  va lue  o f  the m eta l oxygen co n ten t  and c o n s id e r in g ,  
t h e r e f o r e ,  o n ly  one t r a n s fe r  p r o c e s s ,  th a t  a t  th e  c r u c i b l e -  
m eta l i n t e r f a c e .  By t h i s  means the  u n c e r t a i n t i e s  i n  the  
g a s -m e ta l  su r fa c e  a c t i v i t i e s  o f  carbon and oxygen are a ls o  
avo id ed .
The assum ption th a t  the a c t i v i t y  o f  s i l i c o n  a t  the  
c r u c ib le -m e ta l  i n t e r f a c e  can be r e p re sen ted  by the  bulk  
s i l i c o n  c o n c e n t r a t i o n ( l s t  and 2nd m odels) i s  avo id ed  i n  
Models I I I  and IV and the f i n a l  model a l s o  makes no 
assum ptions w ith  regard to  the  average a c t i v i t y  o f  s i l i c a  
i n  the c r u c i b l e ,  the se p a r a te  r r t e s  o f  t r a n s f e r  from s i l i c a  
and m u l l i t e  b e in g  added to  g iv e  the t o t a l  r a t e .
P r o g r e s s io n  from Model I to  Model IV r e s u l t s  i n  an 
in c r e a s e  i n  the c o r r e l a t io n  c o e f f i c i e n t  ( g iv e n  on the  
r e le v e n t  f i g u r e s )  from 0 .0 1 7  to  0 .7 b ,  s u g g e s t in g  a d e f i n i t e  
improvement in  accu ra cy . The d o t te d  l i n e s  on th e  f i g u r e s  
f o r  each model r e p r e se n t  the b e s t  l i n e  through each  p o p u la t io n  
as g iv e n  by a r e g r e s s io n  a n a l y s i s  o f  the r e s u l t s .
The boundary la y e r  f o r  the t r a n s f e r  o f  oxygen a t  the  
c r u c ib l e - m e l t  i n t e r f a c e  was found to  have a t h i c k n e s s  o f
0 .0 1 8  Cm a f t e r  p r e l im in a r y  c a l c u l a t i o n s  f o l lo w in g  th e  work 
> of Knuppel and O eters ( 9 3 ) .  These workers showed t h a t  f o r  
f lo w  w ith  f r i c t i o n  the  va lue  of S = .0 0 3  cm, p o s t u l a t e d  . f o r
the g a s -m e ta l  i n t e r f a c e ,  was in c r e a se d  by a f a c t o r  o f  1+.25 
to  0 .0 1 3  Cm. Using v a lu e s  Jess than t h i s  would have l e d  to  
p r e d ic t e d  t r a n s f e r  r a t e s  which were h ig h er  than th o s e  measured  
e x p e r im e n ta l ly .  As i t  was, the  agreement o b ta in e d  u s in g  a 
va lu e  o f  0 .0 1 8  Cm i n  models I I  to  IV v/as good and i t  i s
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w orkers,
U .3 * 2 .2 ,  Model I
This model has been  used  hy Sharma and Ward (97 )  i n  
t h e i r  i n v e s t i g a t i o n s  in t o  the  d i s s o c i a t i o n  o f  s i l i c a  i n  
c a r b o n -sa tu r a te d  ir o n  where the main assum ptions made v/ere 
t h a t ,
( i )  the boundary la y e r  t h ic k n e s s e s  a t  the
c r u c ib le - m e t a l  and g a s -m e ta l  i n t e r f a c e s  are  
e q u a l ,  $ R = 5g -
( i i )  the e q u il ib r iu m  s i l i c o n  c o n c e n tr a t io n  a t
the  m e t a l - r e f r a c t o r y  i n t e r f a c e  S iR can be 
r e p r e se n te d  by the bulk c o n c e n tr a t io n  S i^ .
( . i i i )  the oxygen c o n c e n tr a t io n  at the g a s -m e ta l
i n t e r f a c e  i s  v ery  sm all compared w ith  t h a t  a t  
the r e f r a c t o r y - m e ta l  in t e r f a c e  and can be 
n e g le c t e d .
The oxygen g r a d ie n t s  i n  the system  were assumed to  f o l l o w  
the  p a t t e r n  shown i n  F igure 28 and s in c e  0^ i s  k e p t  c o n s ta n t  
the oxygen f l u x e s  a c r o s s  the boundary la y e r s  may be w r i t t e n ,
* 0  =  D0  ^ ° R  ~  =  ^ 0  ^°M ~  ° g )  • * • ^1 2 5 )
■ * i ‘ \
Ward assumes th a t  the s t i r r i n g  c o n d i t io n s  a t  the  m e ta l -  
s i l i c a  and m e ta l-g a s  i n t e r f a c e s  are i d e n t i c a l  and SR = 
and, t h e r e f o r e ,  e q u a t io n  (125) g i v e s
=i1 r ^ r ) ° °  * f '  °" " ' W26)Ak + AR / V g '*
where /  \  are the  f r a c t i o n s  o f  th e  m eta l
( Ag  +  A r
su r fa c e  i n  c o n ta c t  w ith  s i l i c a ,  gas and p u t t in g  th e s e  as
lU i
7  N “ *"**■/ o-** »  ^  ^ V/J.A V j. u I/J. u u  i l l  U 1 J C  U U J . I 1.
m eta l a s ,
°M = X °R + U  ~ )°S  • • • (127)
and s u b s t i t u t i n g  th e se  i n  e q u a t io n  ( 125 ) ,
n0 ~ ( 1 - x) (Og - Og) and s in c e  A^  = xA, th en
fl0 = A £ £ 3 t (1_ x ) ^  _ Q^  ' "  (1 2 g j
0^ i s  then  assumed to  exceed  Og by an order o f  magnitude
making j-(Og) n e g l ig i b le #  (T his i s  tru e  o n ly  f o r  h ig h  carbon
c o n te n ts  and /or  low pCQ v a lu e s )#
A lso  s in c e  two oxygen atoms are t r a n s fe r r e d  f o r  e v e r y
s i l i c o n  atom the s i l i c o n  f l u x  i s ,
_ fir) AT)
Si -  -7T -  0 x U - X . )  Op . . # (129)
^ 26
Using K33 = [ h s i K  y  2 , assuming I 2 , f  g± = 1 ,
<\ a S i0 2)
and c o n v e r t in g  to  w t. p e r c e n ta g e s  g iv e s
1 i
2d&§i = tyjit A K3 3 2 Do X . ( l - x )  <. a S i0 U  _ _  ^ (130)
d t  2UQ V
‘-; » x(l s.oy
' 6 p i p
E quation (130) has been a p p l ie d  to  the p r e s e n t  r e s u l t s
d/'oSi j. „  ^ _ ■a l lo w in g  the  r a te  o f Si l i c o n  t r a n s f e r
a t t  = 60 0s where,.
b3 =
2 .5  x  10- 5
A = t o t a l  area
V = 300 cm"
_ 28Si
Li _ _ 160
Do .
1 x 10~^ cm'
x ( l ~ 5 o  ) 0 .1 3 9
^ = s 0 = s 0T?
= ,018  dm.
2
The c a lc u la t e d  r a t e s  are shown i n  Table 26 and are p l o t t e d
j.u x’±^ui*e ooa againsi- mne expemmenmai.Ly determ ined  v a lu e s  
at t  = 600s« As Higure 8ba 'shows, the c a lc u l a t e d  r e s u l t s  
are v e ry  s c a t t e r e d  and can 'be e i t h e r  h ig h e r  or low er than  
the measured v a lu e .  They are h ig h er  than  the  i d e a l  a t  low  
r a t e s  m ain ly  "because no account has heen  ta k e n  o f  0 a . T h isO
can "be im portant a t  low carbon c o n te n ts  and h ig h  p v a lu e s- co
and w i l l  have the e f f e c t  o f  d e c r e a s in g  the c a lc u l a t e d  r a t e .
B e t te r  models (m odels I I  -  IV) take  t h i s  i n t o  account by
removing Og and c o n s id e r in g  o n ly  the  mass t r a n s f e r  a t  the
c r u c ib le - m e l t  boundary a lon g  the c o n c e n tr a t io n  g r a d ie n t  0^
to  0jv,. Here no assum ptions are made w ith  regard  to  the  v a lu e s
f o r  6^ and S s in c e  o n ly  5 ^ i s  req u ired  i n  th e  c a l c u l a t i o n .
In model I ,  by  tfard, 8 i s  assumed to  eq u a l $ and i t
may be th a t  t h i s  assum ption i s  i n v a l i d  s in c e  i t  has  been  shown
t h a t  f o r  -flow w ith  f r i c t i o n  § i s  about fo u r  t im es  la r g e r  (9 3 )
i . e .  ^ f r i c t i o n  -  .0 1 3  = k*25
"5 f r e e  f lo w  ’ .003
Such c o n d i t io n s  apply  a t  the  m e l t - c r u c ib le  i n t e r f a c e ,
but not a t  the  m e lt -g a s  in t e r f a c e  and c o n se q u e n t ly  i t  i s
thought th a t  cou ld  be about fo u r  t im es  la r g e r  than
I f  t h i s  s i t u a t i o n  does i n  f a c t  app ly  th en  th e  v a lu e  f o r
0^ c a lc u la t e d  from e q u a t io n  (127) i n  model I w i l l  be to o  h ig h
and w i l l  r e s u l t  i n  a c a lc u la t e d  s i l i c o n  t r a n s f e r  r a te  which
i s  too  low .
.■i/hen the  t r u e ,  measured v a lu e  of 0^ i s  i n s e r t e d  in t o  
e q u a t io n  (127) to g e th e r  with v a lu e s  f o r  0^, Ag and- A^ th e  
v a lu e  f o r  can be approxim ated, ap p ly in g  the  b e t t e r  known
•tv
va lu e  of 0 .0 0 3  cm f o r  Sg . T h is  proced ure , how ever, r e s u l t s  
i n  v a lu e s  f o r  8 , ,  which are much la r g e r  than  e x p e c te d  and 
v/hich are v ery  v a r ia b le  and t h i s  s u g g e s t s  th a t  some o th e r  
f a c t o r  i n  the e q u a t io n  i s  i n c o r r e c t .  The o n ly  o th e r
param eter Known to  oe saD jecc  to  u n c o n tr o l le d  v a r i a t i o n  i s  
Ag, the g a s -m e ta l  i n t e r f a c i a l  area* The v a lu e  tak en  i n  the  
c a l c u l a t i o n s  f o r  model I was 35 cm measured from the c r u c ib le  
geom etry, but t h i s  must be s u b je c t  to  la r g e  v a r i a t i o n s ,  s in c e  
on many n e a t s ,  e s p e c i a l l y  th o se  a t  low p r e s s u r e s  and h igh  
carbon c o n t e n t s ,  a carbon-oxygen  b o i l  o f  v a r y in g  i n t e n s i t y  
co u ld  be ob served . The b o i l  su b s id ed  as the  r e f r a c t o r y -  
m etal r e a c t io n  slowed down, but by t h i s  time c a l c u l a t i o n s  
based  on e q u a t io n  (126) are d i f f i c u l t  because  the  tru e  a c t i v i t  
o f  s i l i c a  a t  the c r u c ib le - m e l t  boundary i s  no lo n g e r  known.
The v a r ia t i o n  i n  the g a s -m e ta l  su r fa c e  a r ea ,  A i, can beb
found f o r  t  = 10 m in u tes ,  ta k in g  the  t h ic k n e s s  o f  the  boundary  
l a y e r  a d ja c en t  to  the  c r u c i b l e , ^ ,  as 0 .0 1 8  cm and th a t  o f  the  
g a s -m e ta l  boundary,S  , as 0 .0 0 3  cm. Under th e s e  c o n d i t io n so
e q u a t io n  (125) g i v e s ,
M
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Ag h i  ° e







Akg ( i  -  V
\  °M
Hence A. = I
5 r
U r ) ° HU g /  
)
( J h J
e - % )
6$ f  2e  -  1
S r V0 i,i
(132)
1
where = su r fa c e  area o f  cru cib l.e  -  m eta l i n t e r f a c e  = 2
k 200 cm
0 M = s o lu b le  oxygen c o n te n t  o f  m eta l a t  t  = 6 uOs.





c a l c u l a t e d  from an e q u a t i o n  o f  t h e  t y p e ,
'^Rl  = MSi (o r  -  0 M)
dt 2ivi0 V
F ig u res  87 , 88 and f a b le  27 show the v a lu e s  o f  Ag c a l c u l a t e d
f o r  most o f  the  m e lts  in  t h i s  s e r i e s  and p l o t t e d  f i r s t l y
a g a in s t  the oxygen c o n te n t  a t  t  = 600s (F igu re  87 ) and
se c o n d ly  a g a in s t  the t o t a l  r a te  o f  s i l i c o n  t r a n s f e r  a t
t  = 600s (F igu re  8 8 ) .  These v a lu e s  are s u b je c t  to  e r r o r s
because  o f  the  u n c e r ta in ty  i n  the  v a lu e s  f o r  Op, and S p
but n e v e r t h e le s s  th e y  serve  to  in d ic a t e  the  g e n e r a l  tren d
and g iv e  an approximate gu ide  to  the amount o f  tu r b u le n c e  i n
the m elt  e i t h e r  by b o i l i n g  or o th e r w is e ,  s h o r t l y  a f t e r  the
zero t im e. I t  w i l l  be se e n  th a t  o n ly  i n  m e l t s  w ith  h ig h
oxygen c o n te n t s  ( i . e .  h igh  p r e s s u r e s ,  low carbon c o n t e n t s )
and low r e a c t i o n  r a t e s  does the  va lu e  f o r  A accroach  th a t
S
2c a lc u la t e d  from the c r u c ib l e  geom etry (35 cm ) .  At low  
oxygen c o n te n t s  and h igh  r e a c t io n  r a t e s  the  c u r v es  r i s e  more 
s t e e p l y ,  b u t i t  w i l l  be seen  t h a t  Ag f o r  the  l e s s  r e a c t i v e  
c r u c i b l e s  (fSiO^-AlgO^, SSiOg-MgO) i s  a lways low er  than  t h a t  
c a lc u l a t e d  f o r  the h igh  s i l i c a  c r u c i b l e s .  I t  would, t h e r e f o r e ,  
appear th a t  i n  a l l  h igh  carbon m e l t s ,  i r r e s p e c t i v e  o f  p r e s s u r e ,  
the  g a s -m e ta l  i n t e r f a c i a l  area i s  much g r e a t e r  th an  one would  
be l e d  to  b e l i e v e  from c r u c ib le  geom etry. The same a p p l ie s  
to  most o f  the low carbon m e lt s  a t  p r e s s u r e s  l e s s  than  one 
atm osphere. T h is  i s  o n ly  to  be e x p e c te d  i n  th o se  h e a t s
4
where b o i l i n g  was o b served , however s l i g h t ,  but where
b o i l i n g  was not se e n  i t  can o n ly  be 'assumed t h a t  the  b u b b le s
were to o  sm a ll  or too  in fr e q u e n t  to  be p r o p e r ly  n o t i c e d  or  
th a t  d i f f u s i o n  o f  gas took p la c e  through the  c r u c ib le  w a l l .
In  any e v en t  i t  i s  p la in  th a t  i t  i s  t h i s  in c r e a s e  i n  a rea ,
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p lu s  x-ne in c r e a s e d  v a ia e  r o r  wmcn i s  m ain iy  r e s p o n s io ie
f o r  the low s o lu b le  oxygen c o n te n t s  (0^) measured h e r e .
I t  i s .  t h e r e f o r e ,  concluded  th a t  the  model f o r  oxygen
tr a n s f e r  proposed  by Ward cannot be a p p lie d  s a t i s f a c t o r i l y
i f  th ere  are u n c e r t a i n t i e s  i n  the va lu e  o f  or  i f  Cl i sg g
s i g n i f i c a n t l y  h igh  as i t  w i l l  be a t  h igh  pCQ v a lu e s  and low  
carbon c o n t e n t s .
The v a lu e  chosen  f o r  8q f o r  Model I was 0 .0 1 8  cm s in c e  
t h i s  w i l l  su D secu en tly  be shown to  be the most a p p ro p r ia te  
v a lu e ,  from F ig u r e s  87 and 88 i t  can be se en  t h a t ,  a t  low  
oxygen c o n t e n t s ,  the d e g a ss in g  su r fa c e  area has been  
in c r e a se d  by a f a c t o r  o f  about 20 .
M odifying the  va lue  f o r  A i n  e q u a t io n  (126) g i v e so
(1 -X  ) as b e in g  in c r e a se d  by a f a c t o r  o f  5 over  the  p r e v io u s
c a l c u l a t i o n  which gave (1 -X  ) = 0 ; 1 5 .
S u b s t i t u t io n  o f  t h i s  in c r e a s e d  va lu e  i n  e q u a t io n  (.127)
th en  l e a d s  to  v a lu e s  f o r  the r a te  o f  s i l i c o n  t r a n s f e r  which
are more in  l i n e  w ith  th o se  found e x p e r im e n ta l ly .  T h is
g e n e r a l i s a t i o n  has been t e s t e d  by c o r r e c t in g  the  v a lu e s  o f
A, x  and ( l - x )  used i n  e q u a t io n  (.127) u s in g  the c a l c u l a t e d
va lu e  o f  A g iv e n  in  Table 2 7 . The new p r e d ic te d  r a t e s  
&
(model 1 ( b ) )  are g iv e n  in  Table 26 and are p l o t t e d  in  
F igure 8 6 (b )  from which i t  can be seen  th a t  th e re  i s  now 
b e t t e r  agreement w ith  the a c tu a l  measured r a t e s .
' + 0 . 2 . 3 .  Model I I 4
In t h i s  and the f o l lo w in g  m odels o n ly  th e  mass t r a n s f e r  
at the c r u c ib le - m e l t  boundary i s  c o n s id e r e d  and so the  
in a c c u r a c ie s  in v o lv e d  in  A , 0 , and 8 are removed, model I IO g g
i s  s i m p l i f i e d ,  however, by assuming th a t  the s i l i c o n  c o n te n t  
at the c r u c ib le - m e t a l  i n t e r f a c e  S i^  i s  equal to  the
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coneenmrao 1 on or s i l i c o n  m  m e  oujlk l i q u i d  s i . . .
ihe  oxygen f l a x  a t  t h i s  boundary can be d e sc r ib e d  by,
n0 = Ar 5 °  (or  -  o p  . . . U 2 5 )
5 oh
or e x p r e s s in g  the s i l i c o n  t r a n s f e r  in  wt. p e r c e n ta g e s  as 
a lre a d y  o u t l in e d  in  model I ,
d/oSi ^E. 1,1 Si Do
a t = “  m g  ig
K
where ? n = 0 .0 1 8  cm
R
_ }. 9
I) = 1 x 10 H' cm“/ s e c
K33' (aS i02) 2^ 
sT"“l  'iu
~  0 ,r . . . (135)
o
= 200 cm^
and V = 300 cm"5
•This e q u a tio n  has been  so lv e d  f o r  the p r e se n t  m e l t s  a t
t  = 6 0 0 s .  The measured oxygen c o n te n t  a t t h i s  tim e i s  equal
to  On and the a c t i v i t y  o f s i l i c a  i s  taken as the  mole f r a c t i o nid . •
o f  s i l i c a  p r e se n t  in  the  o r ig i n a l  c r u c ib le  as shown below ,  
Approximate conrposltion  o f  c r u c i b l e .  Mole f r a c t i o n  s i l i c a  
8^Si02 -  92/ihgO. . 0 .0 3 5
7 > i S i 0 2  -  9 3 ;cA 12 0 3  0 . 1 2
37^Si0o -  63>=Ai90 0 .5 0
t-  C- ^
56y1Si02 -  0.&9
95/»Si02 -  5/iAI20 5 approx 1 .0
13 r'Q  *
The v a lu e s  c a lc u la t e d  f o r  ”by t h i s  approach are l i s t e d
C l b
in  Table 26 and are shown in  F igure 89 p l o t t e d  a g a in s t  the
4
measured r a t e s  f o r  com parison. From t h i s  diagram i t  can be 
seen  th a t  the  c a lc u la t e d  v a lu e s  are much c l o s e r  to  the  
measured v a lu e s  in  a n th o se  d e r iv e d  from model I ( .a ) .  There  
i s  a l s o  l e s s  s c a t t e r  and th ere  i s  an obv iou s t r e n d .  However, 
most o f  the c a lc u la t e d  v a lu e s  are h ig h e r  than  th o s e  measured
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e A i J « r x m « i i o c : i j L j . ty  a n a  v / ' i n s t ,  i g  i s  G n o a g n t  znaz  l e s c m n g  or 
s i l i c a  from the surrace  may “be r e s p o n s ib le  Tor t h i s  on one 
or two m e l t s ,  on the whole i t  i s  thought th a t  the  r a t e s  
measared from the s i l i c o n / t i m e  c a rv e s  o f  F ig a r o s  66 -70  are 
r ea so n a b ly  accu rate  and are not r e s p o n s ib le  f o r  t h i s  
disagreem en t.
. model I I I .
The a ss  imption th a t  Si-, -  S i .T, used i n  model I I ,  has
XV Jii
been e l im in a te d  in  model I I I  as f o l lo w s
The r a te  o f  s i l i c o n  t r a n s f e r  to  the  m elt
dt







s  l S i H -  S i ;.)
AR
Hence Si  
and 0
Ss'i
x h i  (oR -  ,oM)
2iiio
. _ /  dgSi v \
l R = (  d t  X Ds i  A j
=  (  x  ^ 2 . x  x . r ' )  
V a t  D tioi - V
R “ •VM
+ S i ,. . . . (13U)ia
+ 0;,. . . • (135)
E quations (13U) and (135) can now be r e l a t e d  by trie 
e q u il ib r iu m  e q u a tio n
K = 2 .5  X 10“ :5 = L f n f e l h -
< aS iO ,)
g iv in g ^.aS i o 7
/4>iSi $81 .. V V  g< ! f l - S i  v |a v r S la x 2 )  *°RI
( h r  - a y :  "■ a r ) ■ - j i  a t  - v ^ s i  H  .
. . . ( 121+)>21
S im p li fy in g ,  re s a l t s  i n  the ca b ic  eq.uc.oi an
ZY2 1? +'2YB2 ZC ZBC^  -r AY^B  ^ + 2YABC + AG = . .U -36)





no  zz °M
uSi i )
1 2 1
A  =  IS i , 
K = S 3 <CaS i o Sj
L e t t in g  ZY2 = L
2ZC + 2YAC = N 
end K -  AG2 = P
r e s a l t s  i n  the s i m p l i f i e d  eq u a t io n
L 3 3  + M32  +  H 3 =  P  .  , , (137 )
Using nev/ton1 s approxim ation
W ,  -  B - (  ■ ■ • (158)\  3 L B ^  +  2 M 3  +  N  /
Sq u a tio n  (138) has heen  programmed in t o  an I .G .7 .  lpOO
ds3"icomputer from which the r a te  o f  s i l i c o n  t r a n s f e r ,  3 = cit
can he fou n d , Newton’ s approxim ation  i s  c y c le d  u n t i l  3 and
are w ith in  5% o f  each o th e r .  This programme has heen
used f o r  m odels I I I  and IV w ith  s l i g h t  v a r i a t i o n s .
For model I I I  the f o l lo w in g  v a lu e s  were ch o sen .
D = 1 x 10- '1 cm2/ s .
Dg, = 1 x 10-L*' om "/s.
£ = 0 .0 1 8  cm.°o
= 0 .0 1 8  cm.D1 •
1  -  300 _ 1 ,
200  ~h
Ko 1 6 .
'“Si = 2 8 *
0 >T and S i . ,  were the hu lk  oxygen and s i l i c o n  c o n t e n t s  a t  , 
i d  ivl
t  = 600S. f
The v a lu e s  c a lc u la t e d  f o r  hy e q u a t io n  (1 38 )  are
g iv e n  i n  Table 26 and are shown i n  F igure 90 p l o t t e d  a g a in s t  
the measured r a te  o f  s i l i c o n  t r a n s f e r  at t  = 6 0 0 s .  The 
p a t t e r n  o f  p o in t s  f o r  model I I I  i s  very  s im i la r  t o  model I I
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because  of* the  rep lacem ent o f  S i, ,  by S i^ . I t  would, th e r e fo r e  
seem th a t  e o l a t i o n s  (124) and (138) used f o r  model I I I  very  
' n e a r ly  d e s c r ib e  the  mass t r a n s f e r  a t  the c r u c ib le - m e l t
■ s t
i n t e r f a c e .
4 . 3 . 2 . 5 .  Model IV
I t  lias a lr e a d y  been  shown th a t  a p se u d o -e q u il ib r iu m  i s  
o f t e n  reached v/ith a h ig h er  s i l i c a  a c t i v i t y  than i s  in d ic a t e d  
from the a n a ly s i s  o f  c r u c ib le  s c r a p in g s .  T h is  d em o n stra te s ,  
as might be e x p e c te d ,  th a t  there  are conditions^ , determ ined  
b y  the i n i t i a l  s i l i c o n  and oxygen v a lu e s ,  whereby o n ly  the  
s i l i c a  g l a s s  i s  u n sta b le  and the m u l l i t e  can be c o n s id e r e d  
i n e r t .
Using average v a lu e s  f o r  the  a c t i v i t y  o f  s i l i c a ,  as 
d e f in e d  by the  mole f r a c t i o n  of s i l i c a  in  the  r e f r a c t o r y ,  and 
c o n s id e r in g  mass t r a n s f e r  to  t  she p la c e  over the t o t a l  
su r fa c e  area must th e r e fo r e  le a d  to  e r r o r s  i n  the  r a te  
c a l c u l a t i o n  which make i t  d e s i r a b le  th a t  the se p a r a te  a c t i v i ­
t i e s  and areas  o f  the  p h ases in v o lv e d  should  be used to  g iv e  
a more a ccu ra te  assessm en t..
The phase diagram f o r  the -  S i0 9 b in a r y  i s
shown i n  F igu re  80 (134) where the  h igh s i l i c a  e u t e c t i c  
o ccu rs  a t  3 .8 5  m ol. y  -^2^3 anc  ^ -*-595° C en tig ra d e . The p h a ses  
acco rd in g  to  t h i s  diagram a r e ,
ivi c r u c ib le  -  55 m/o S iO Q, 45 m/o. m u l l i t e
P c r u c ib le  -  23 m/ o S i 0 2 , 77 M/ o  m u l l i t e
HS c r u c ib le  -  33 m/ o  m u l l i t e , .  67 m/ o  corundum,
lienee the area o f  ph ases  f o r  a t o t a l  su r fa c e  area  o f  200
sq.cm . i s ,
M 110 cm^Si02 90 cm~ m u l l i t e .
P h.6 cm^SiO^ 154 cm  ^ m u l l i t e
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no do cm a a n u e  Job cm" corona am.
E quations (12lj.) and (137) v;ere a p p l ie d ,  u s in g  model I I I  
and the v a lu e s  ta b u la te d  above, ^ ag j o )  ~ 1 -h°r s i l i c a  
and ^agi 0  )  = 0 ek2 f o r  m u l l i t e ,  to g e th e r  with- the  exper­
im en ta l v a lu e s  f o r  0„ and S i , , a t  t  = 600s .  The r e s u l t s  are
u i  I'.I
shown i n  F igure  91 and Table 26 from which i t  seems th a t  t h i s  
i s  the most a ccu ra te  approach so f a r  used . Comparison o f  
F ig u re s  90 and 91 show th a t  the rap id  r e a c t io n  r a t e s  o f  the  
nigh s i l i c a  m elts '  appear to  have been  u n a f fe c te d ,  presumably  
s in c e  both  the m u l l i t e  and s i l i c a  are d i s s o c i a t i n g  and thu s  
b oth  methods g iv e  i d e n t i c a l  r e s u l t s .  »/ith m elt  U9 (0„02/i 
oxygen) model IV has p r e d ic t e d  a lm ost the measured r a te  
whereas a l l  the  o th e r  models gave a c a lc u la t e d  r a te  o f  z ero .  
T his i s  because  p r e v io u s ly  h as  been  assumed to  equal
0 .6 9  which i s  in  e a u i l ib r iu m  w ith  S i,,  =*0U>b a t  0„ = . 020fo
“ -Vi i.i
and s in c e  .Qh% S i has a lre a d y  been  a ch ieved  a t  t  = 600 s* 
the  p r e d ic te d  r a te  i s  z ero .  In  p o in t  o f  f a c t ,  however, 35/* 
o f  the c r u c ib le  su r fa c e  has a s i l i c a  a c t i v i t y  o f  u n i ty  which  
i s  in  e a u i l ib r iu m  y/ith . 0 bpc Si a t  0,, = .020% and, t h e r e f o r e ,a. Ul ' 7
th e re  i s  a m easurable r e a c t io n  wnich can o n ly  be p r e d ic t e d  
by hodel IV. S im ila r  c o n s id e r a t io n s  apply to  HS m e lt s  where 
•a la r g e  su r fa c e  area  has been  assumed to  have a low  a c t i v i t y  
of s i l i c a ,  whereas i n  r e a l i t y ,  o n ly  35jb o f  the  area  has a 
va lu e  o f  0 .6 2 .  T h is  adjustm ent has brought the p r e d ic t e d
t
r a t e s  more in t o  l i n e  w ith  the  measured v a lu e s .
«
Table 26 and F igure  92 show the  sep a ra te  r a t e s  o f  
oxygen t r a n s f e r  from the s i l i c a t e  and m u l l i t e  p h a s e s .  I t  
can be seen  t h a t ,  f o r  the same oxygen c o n te n t ,  the  r a t e s  o f  
t r a n s f e r  are the same i r r e s p e c t i v e  o f  the o v e r a l l  c r u c ib l e  
c o m p o sit io n . The t o t a l  t r a n s f e r ,  measured by adding the
12)4-
as shown i n  F ig u r e ■93? and thu s the sep a ra te  c a l c u l a t e d  
d i s s o c i a t i o n  r a te s  can he tak en  to  he r ea so n a b ly  a c c u r a te .  
These v a lu e s  are h ig h e r  than th o se  measured by ward (97; but  
are i n  good agreement w ith  the  work o f  Graham and Argent (39)  
and Turkdogan e t  a l  (94) ( s e e  Table 6 ) .
4 . 3 . 2 . 6 .  E f f e c t  o f  the change i n  a3j_Q w ith  t im e .
As m entioned e a r l i e r ,  none o f  th e se  m odels can  be
apx^lied a c c u r a te ly  when s i l i c a  has been  le a c h e d  from the
su r fa c e  s in c e  the va lu e  f o r  a c, . n i s  th en  unknown. T h is  i s
shown i n  F igu re  94 and Table 29 where two methods o f
c a l c u l a t i o n  have been  used to  i l l u s t r a t e  the problem . In
method A the d r iv in g  fo r c e  f o r  oxygen t r a n s f e r  has been
determined d i r e c t l y  from the  oxygen r a te  e q u a t io n  (123)  where 
(O n 1 -  M S i f  So . V . . (.139)
® ” M d t \  u 0 ar  uS i J
As the  r e a c t io n  p r o c e e d s ,  o f  c o u r se ,  the p o in t s  s t i l l  l i e  on.
the  s t r a i g h t  l i n e  whose s lo p e  i s / - -  # . ^ S j j  b u t  th ey
v* O0 v  2 uq/
g r a d u a l ly  move. downwards towards zero ra te  and zero  d r iv in g
f o r c e .
with method B the v a lu e  o f  0R i s  a c t u a l ly  c a l c u l a t e d  
from and S iR by f i r s t  a p p ly in g  e q u a t io n  (134)
■ 4 ■  [ w *  i t ■* \ )  -  ^
and th en  s u b s t i t u t i n g  S iR i n t o  e q u a t io n  (133)
K3 3 * < a8 i o b * V  „ 1 .. d^S i x V x  ^  x ? 0  . . . U»tO)
s i p ■
d t Ar  Mg i UQ
r
where S Si = 0*01® cm-
g Q = 0 .0 1 8  cm.
D0 = DSi
AR
1 x 10“^ cm2/ s e c
1 .5
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“ °M^  i s ’ t h e r e r o r e > dependent on < as i 0  )  1 0 i*
c o r r e c t  v a lu e .  The f a c t  th a t  the p o in t s  do n o t  a lw ays f a l l  
on the e x p e c ted  l i n e  i s  due to  the f a c t  th a t  th e  i n i t i a l  
a c t i v i t y  o f  s i l i c a  (mole f r a c t i o n )  i s  used i n  the  e q u a t io n  
to  c a l c u l a t e  0^ and the  r e s u l t ,  as th e  graphs i n  F igu re  914- 
show, i s  th a t  w ith  an in c r e a s e  i n  tim e the  v a lu e s  f o r  the  
p r e d ic t e d  d r iv in g  f o r c e  do not d e c r e a se  as q u ic k ly  as  the  
r a t e .  The f a c t  th a t  th e y  d ec re a se  a t  a l l  i s  due to  th e  
p ic k  up o f  s i l i c o n .  T h e r e . i s  no way th a t  the  model can  he  
a p p l ie d  c o r r e c t l y  i n  th e se  c a ses j s ln c e  th e  o n ly  way to  f i n d  
aSiO 9 once the  r e a c t io n  has s ta r te d , '  i s  e i t h e r  t o  use the  
same model to  p r e d ic t  i t ,  or to  s to p  the  m elt  and examine the  
c r u c i b l e .  Some attem pt has h een  made i n  t h i s  l a t t e r  r e s p e c t  
hy u s in g  i n  e q u a t io n  (llj-O) the  f i n a l  a n a ly sed  s i l i c a  c o n te n t  
of the c r u c ib l e  su r fa c e  f o r  th o se  m e lt s  where the  r e a c t i o n  
had n o t  c ea sed  when th e  m elt  was s to p p ed . A lthough th e r e  are  
o n ly  a few  r e s u l t s  and th e y  do not cov er  a wide range o f  
r a t e s  F igu re  9k  G does show th a t  the  (0^-0^) v a lu e s  have  
h een  brought more in t o  l i n e  w ith  the  e x p e c te d  v a l u e s ,  
k»3 * 2 ,7 .  Summary o f  mass t r a n s f e r  m od e ls .
In  v iew  o f  the good agreement th a t  m odels I I - I V  g iv e  
w ith  the e x p e r im e n ta l ly  measured r a t e s  i t  would seem t h a t  the  
r e s u l t s  o f  t h i s  v/ork len d  support to  th o se  who c la im  t h a t  the  
d i s s o c i a t i o n  o f  s i l i c a  i s  a d i f f u s i o n  and n o t  c h e m ic a l ly  
c o n t r o l l e d  p r o c e s s  a t  1600° C e n tig ra d e . T h is  i s  f u r t h e r  . 
confirm ed hy the  in c r e a s e  i n  r a te  which i s  brought about by  
the  lo w er in g  o f  0^. At low  s i l i c o n  c o n te n t s  a change i n  
S i^  has a la r g e  in f lu e n c e  on °R th u s a f f e c t i n g  th e  d r iv in g  
f o r c e ,  but a t  h ig h e r  s i l i c o n  l e v e l s  such a change w i l l  n o t
a f f e c t  0D or a l t e r  the  d r iv in g  f o r c e .  The d i f f e r e n c e s  i n
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r e a c t io n  r a t e s  f o r  one c r u c ib le  type a t  d i f f e r e n t  p r e s s u r e s  
and carbon c o n te n t s  must, t h e r e f o r e ,  be due to  the  
d i f f e r e n c e s  i n  0^ as a r e s u l t  o f . t h e  carb on-oxygen  r e a c t i o n .  
vVhere 0^ i s  h a r d ly  a l t e r e d  by a change i n  pQo due to  the  
k i n e t i c s  o f  the  C-0 r e a c t i o n  th e n  the  r a t e s  o f  oxygen and 
s i l i c o n  t r a n s f e r  from th e  i n t e r f a c e  w i l l  be s i m i la r .
The f a c t  th a t  SQ = .018  cm has been  found to  app ly  to  
f lo w  w ith  r e s i s t a n c e  a t  a r e f r a c t o r y  i n t e r f a c e  g i v e s  good
it
agreement w ith  the work o f  Kraus and Knuppel and O eters  who 
gaveS = .0 1 3 c m .
One n o t ic e a b le  f e a t u r e  o f  a l l  the  p l o t s  f o r  th e s e  m odels  
i s  th a t  the  r e g r e s s io n  l i n e  f o r  each  p o p u la t io n  d oes n o t  
e x a c t l y  agree w ith  the i d e a l  r e l a t i o n s h i p .  P r e d ic te d  v a lu e s  
f o r  a l u m in o s i l i c a t e  c r u c i b l e s  are s l i g h t l y  h ig h e r  a t  low  
r a te s  and s l i g h t l y  low er a t  h ig h  r a t e s ,  w h i l s t  th o se  f o r  
h igh  r a te  m e l t s  i n  pure s i l i c a  c r u c i b l e s  are much too  lo w .
I t  i s  n o t i c e a b le  a l s o  th a t  the d e v i a t io n  from i d e a l i t y  a t  
th e se  h ig h  t r a n s f e r  r a t e s  in c r e a s e s  w ith  in c r e a s in g  s i l i c a  
.con ten t o f  the c r u c i b l e .
O b serv a tio n  o f  the  m e l t s  showed th a t  th e r e  was an 
in c r e a s e d  ten dency  (w ith  l o^G m e l t s )  f o r  the  i n i t i a t i o n  o f  a 
carbon-oxygen  b o i l  as the  p r o p o r t io n  o f  the d i s s o c i a t i n g  
phase in c r e a s e d ,  so th a t  w ith  pure s i l i c a  c r u c i b l e s  a 
c o n s id e r a b le  q u a n t i ty  o f  m eta l was e j e c t e d  from th e  c r u c i b l e ,  
so v i o l e n t  the  r e a c t io n .  The r a te  o f  carbon l o s s  on th e s e  
m e lts  was e x tr em e ly  h ig h  and 1% carbon c o u ld  be removed from  
the  m elt  i n  80 m in u tes . The f lo w  c o n d i t io n s  on th e s e  m e l t s  
would be tu r b u le n t  and the t h ic k n e s s  i* )  o f  the  boundary ? 
l a y e r  v/ould c o n se q u e n t ly  be p r o g r e s s i v e l y  reduced as th e  
i n t e n s i t y  o f  the  b o i l  in c r e a s e d .  Hence i t  i s  to  be e x p e c te d
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th a t  the v a lu e  o f  b v / i l l  become p r o g r e s s i v e l y  sm a lle r  as  
the  p r e ssu r e  i s  lowered and the  carbon c o n te n t  o f  the  m elt  
and s i l i c a  c o n te n t  o f  the  c r u c ib le  are in c r e a s e d .  One 
s i n g le  va lu e  o f  S cannot th en  t r u l y  be used f o r  a l l  m e l t s  
and sep a ra te  v a lu e s  sh ou ld  be determ ined as the  c o n d i t io n s  
a l t e r .  For example, w ith  low p r e ssu r e  m e l t s  i n  s i l i c a  c r u c i b l e s  
a va lu e  o f  8 = #002 cm i s  r e q u ir e d  to  g iv e  agreem ent w ith  
the  measured r a t e s .  T h is  v a lu e  i s  i n  good agreement w ith  
the a c ce p ted  v a lu e  o f  0 ,0 0 2  -  .0 0 3  cm p o s t u la t e d  f o r  b o i l i n g  
m e lts  1 5 6 ,8 9 ) .
Even so ,  as can be se en  from F ig u re s  86 , 89 , 90 and 91 
where the  b o i l i n g  a c t io n  i s  o n ly  s l i g h t  i t  i s  n o t  too  
in a c c u r a te  to  assume the  same v a lu e  o f  & ( i . e .  0 .0 1 8  cm) 
i r r e s p e c t i v e  o f  c r u c ib le  ty p e ,  p r e ssu re  or carbon c o n t e n t .
E q uations (121+) and (138) have b een  used  to  produce  
models f o r  oxygen t r a n s f e r  which are shown i n  F ig u r e s  9 5 (a )  
and 9 5 (b )  u s in g  the  method o u t l in e d  under model I I I .  These  
show the e f f e c t  th a t  the  bu lk  oxygen and s i l i c o n  c o n t e n t s  
and the  a c t i v i t y  o f  s i l i c a  have on the  r a te  o f  d o n a t io n  o f  
oxygen from r e f r a c t o r i e s .  I t  can be se en  th a t  th e  t r a n s f e r  
r a te  becomes more s e n s i t i v e  to  changes i n  th e  s i l i c o n  c o n te n t  
as the oxygen v a lu e  i n c r e a s e s .  For medium-high carbon s t e e l s  
havin g  oxygen c o n te n ts  l e s s  than  50 ppm the t r a n s f e r  r a t e s  
are v e ry  s im i la r  and e v e n t u a l ly  appear to  merge so t h a t  th e  
v a r ia t i o n  o f  s i l i c o n  l e v e l s  met w ith  i n  p r a c t i c e  has l i t t l e  
e f f e c t .  This i s  because  a t  low  oxygen c o n te n t s  the  lo w e r in g  
o f  0 ^ , in c r e a s e s  the oxygen c o n c e n tr a t io n  d i f f e r e n c e  a c r o s s  
the m e l t / c r u c ib le  boundary la y e r  by o n ly  a sm a ll  amount w ith  
l i t t l e  change i n  the d r iv in g  f o r c e  f o r  mass t r a n s f e r .
5 . E f f e c t  o f  ox id e  d eco m p o sit io n  on the  
C/0 r e l a t i o n s h i p .
128
The oxygen c o n te n t  o f  a l l  th e  m e lt s  remained s t a t i c  
u n t i l  the carbon f e l l  to  a low  l e v e l  a t  which p o in t  i t  began
where pcQ i s  the p a r t i a l  p r e s su r e  o f  carbon monoxide above  
the  m elt  as measured by a n a l y s i s  o f  the ga seo u s  p h a se .
h ig h er  v a lu e s  (K^ = b3k  from e q u a t io n  (i+)) b e in g  o b ta in e d  a t  
h ig h  p r e s s u r e s  and low carbon c o n t e n t s .  C on seq u en tly  on
va lu e  i t  i s  not as a r e s u l t  o f  a d e c re a se  i n  oxygen, b u t  
because  o f  the  lo w e r in g  o f  the  carbon c o n te n t  by  r e a c t i o n  w ith  
the  oxygen t r a n s f e r r e d  from the  c r u c i b l e .
With m e lt s  made, i n  5 6 S i0 2 — c ru c i^>l e s
r e l a t i v e l y  h ig h  oxygen c o n te n t s  i n  e q u i l ib r iu m  w ith  low  
carbon s t e e l s  can be reached  a t  p r e s s u r e s  o f  b o th  760 (m elt  
i+9) and 76 t o r r  (m elt  U5). With the 3 7 S i0 2 -  ^ 2^3 crac:i-*,*Les> 
however, the r a te  a t which oxygen e n t e r s  the  m elt  i s  low er  
and t h i s  r e s u l t s  i n  l e s s  carbon l o s s  (m elt  61) and a low er  
value  o f  , The s t a t i c  ox.vgen l e v e l  (100 ppm) o f  th e  
76 to r r  m e lt s  does not appear to  have b een  a l t e r e d  by  
lo w er in g  the s i l i c a  c o n ten t  o f  the  c r u c i b l e .
With s im i la r  m e lts  i n  low er  s i l i c a  c r u c i b l e s  7 S i0 2 -  
Al203 (m elt  66) and 8 S i0 2-Mg0 (m elt  18) th e  0 -0  e q u i l ib r iu m  
i s  e v e n t u a l ly  a ch ieved  by a r e d u c t io n  i n  the  carbon c o n t e n t s  
bu t t h i s  tim e a t  a much low er oxygen l e v e l ,  ("29 and 25 ppm 
r e s p e c t i v e l y ) .  I t  appears t h a t  the  C-0 r e a c t i o n  has b een  
ab le  to  keep the  oxygen a t  a low er s t a t i c  l e v e l  a s  a r e s u l t
to  r i s e .  Table .30 shows the  e q u i l ib r iu m ^ q u o t ie n t  f o r  the  
C-0 r e a c t i o n  a t  th r ee  v a lu e s  o f  t  which has b een  c a l c u l a t e d  
from
The g e n e r a l  tren d  i s  f o r  to  in c r e a s e  w ith  t im e ,  th e
1
th ose  m e lts  where e v e n t u a l ly  approaches the  e q u i l ib r iu m
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o f  the  reduced r a te  o f  oxygen t r a n s f e r  and as a consequence
/
the  tru e  e q u i l ib r iu m  va lu e  o f  i s  ajjproached more s lo w ly  
than i n  the  c a se  o f  the  h ig h  s i l i c a  c r u c i b l e s .
Lower oxygen l e v e l s  (7 -1 0  ppm) are a t t a in e d  a t  p r e s s u r e s  
o f  3 to r r  f o r  0.1% C h e a t s  and f o r  1.0% G m e lt s  a t  b o th  3 and 
76 t o r r  d e s p i t e  the f a c t  th a t  th e se  system s are f u r t h e r  from  
e q u i l ib r iu m . I n s p e c t io n  o f  f a b le  30 shows t h a t  a r e d u c t io n  
i n  p r e ssu r e  from 76 to  3 to r r  f o r  the 1% C m e lt s  appears to  
have had l i t t l e  e f f e c t  e i t h e r  on the  oxygen l e v e l  a c h iev e d  
or the r a te  o f  c r u c ib le  breakdown. T h is  i s  to  be e x p e c te d  i f ,  
acco rd in g  to  r e a c t io n  ( 3 3 ) ,  the s o lu b le  oxygen c o n te n t  c o n t r o l s  
the e x te n t  and r a te  o f  d e c o m p o s it io n . Hence a lth ou gh  th e  
r a te  o f  c r u c ib l e  d i s s o c i a t i o n  can  in f lu e n c e  the  oxygen l e v e l '  
a c h iev e d , as in s ta n c e d  by the  e f f e c t  o f  c r u c ib le  s i l i c a  
c o n te n t  on the  76 t o r r ,  0.1% C m e l t s ,  t h i s  i n  tu r n  can  be  
c o n t r o l l e d  by o th e r  f a c t o r s  a f f e c t i n g  th e  k i n e t i c s  o f  th e  
C-0 r e a c t io n .  Such a f a c t o r  i s  l i k e l y  to  be the  f e r r o s t a t i c  
head o f  m eta l i n  the  c r u c ib l e  and i t s  in f lu e n c e  on bubble  
fo rm a tio n .
The v a lu e  o f  p d i r e c t l y  above the  m eta l d e ter m in e s  co
the r e l a t io n s h ip  betw een  the  c o n c e n tr a t io n  o f  carbon and
oxygen i n  the su r fa c e  3^yer o f  the m eta l o n ly .  In  the  p r o c e s s
o f  i n t e r a c t i o n  i n  the m olten  m eta l the p v a lu e  i s
cox.
c o n t r o l l e d  by the r e l a t i o n s h i p ,
P c o ^  = P 1  + p h  +
where p^ = b arom etr ic  p r e ssu r e  above the  m e ta l .
p  = • m olten  m eta l d e n s i t y .
h = depth  o f  m etal a t  the  l e v e l  o f  bubb le
fo r m a tio n .
CT = su r fa c e  t e n s io n  o f  m oltdn m eta l
♦
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m e 011e c t  ox vacuum upuu one ucuaxuxt>xii& jjuwci-
.s  determ ined by the :
2ff\ . 2 <r
carhon i s h r a t i o  o f  the  v a lu e s  o f  P-^  and
(ph + — ) .  V/here (ph + ~ ) ^  f a r t h e r  r e d u c t io n  o f
p ressu re  ahove the m eta l cannot change the v a lu e  o f  p
and, t h e r e f o r e ,  i s  o f  no e f f e c t  i n  in c r e a s in g  the  d e o x id i s in g
power o f  carhon.
p has heen  c a l c u l a t e d  f o r  the c o n d i t io n s  o f  the  m e l t s  
c°X/
i n  t h i s  s e r i e s  and f o r  b arom etr ic  p r e s s u r e s  o f  760, 76 and 3 
t o r r .  Values o f  = 7 gm /cc, h = 70 mm and (f = 1000 d y n e s /  
cm have been used f o r  th e se  c a l c u l a t i o n s .  I f  the  p r e s s u r e . i s  
e x p r essed  in  to r r  th en  e q u a t io n  (1A1) becomes,
P.. = P, + 0.5X5 h + . . . (1U2)
r
F igure 96 shows p p l o t t e d  a g a in s t  r f o r  the v a r io u s
cojo
v a lu e s  o f  P1 where o n ly  a s l i g h t  change o c cu rs  i n  p w ithx c o p
huhhle r a d i i  g r e a te r  than  0 .0 1  mm. Hence f o r  h u h b le s  o f  
r a d iu s  g r e a te r  than  0 .0 1  mm the va lu e  o f  (ph + l i e s  
betw een 37 and 50 to r r  and lo w e r in g  th e  p r e ssu r e  be low
th e se  l e v e l s  \ i l l  have o n ly  a sm all e f f e c t  on d e o x id a t io n
i . e .  a t  p r e s su r e s  l e s s  than 37 -50  to r r  o n ly  s i m i la r  numbers 
o f b u b b les  w i l l  be a llo w ed  to  grow and hence oxygen c o n t e n t s  
w i l l  be o n ly  m a r g in a lly  l e s s .  '
A more r ig o r o u s  exam in a tio n  o f  the k i n e t i c s  o f  the  C-0 
r e a c t io n  cannot be c a r r ie d  out s in c e  i n  a l l  m e l t s  oxygen was 
t r a n s fe r r e d  from the c r u c i b l e ,  hence the  tru e  change i n  r a te  
of the r e a c t io n  cannot' be a s s e s s e d  s in c e  t h i s  i s  g e n e r a l ly  
a f u n c t io n  o f  the r a te  o f  ox id e  d e c o m p o s it io n . However, i t  
i s  o f  i n t e r e s t  here to  re-exam ine the p r e v io u s  c a l c u l a t i o n s
o f  the g a s -m e ta l  su r fa c e  area  A under s e c t i o n  /+.3• 2 . 2 . ,  th eo
r e s u l t s  o f  which were l i s t e d  i n  Table 27 and p l o t t e d . i n  
F ig u r e s  87 and 88 . Because o f  the  u n c e r t a i n t i e s  i n  some o f
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tak en  to  be ap p rox im ate ly  c o r r e c t .  In any case  the  im portant
f e a t u r e  o f  i n t e r e s t  i s  the  e f f e c t i v e  mass t r a n s f e r  c o e f f i c i e n t
■^eff = J  V* an( »^ s in c e  D, S and V are more or l e s s  c o n s t a n t ,
the va lu e  d e r iv e d  f o r  Ag i s  i n d i c a t i v e  o f  the  e f f e c t i v e n e s s
of the carbon-oxygen  r e a c t io n .  I t  w i l l  be seen  from f a b le  27
th a t  f o r  the low s i l i c a  c r u c i b l e s  (.BSiC^-MgO and YSiO^-Al^O^) *
Ag i s  rough ly  the same f o r  a l l  m e lt s  (.100-180 cm ) and i s
2much h ig h er  than the 35 cm c a lc u l a t e d  from the  c r u c ib le
d ia m eter . The h ig h  s i l i c a  (^SiO ^-A l^O ^, 37Si02~Al20-^)
c r u c ib le s  w ith  1% 0 have much h ig h e r  v a lu e s  f o r  th e  su r fa c e
area which i n d i c a t e s  th a t  a carbon-oxygen  b o i l  has tak en  
1
.p l a c e .
Since the measured su r fa c e  area  o f  the c r u c i b l e  i s
P
200 cm , i n  good agreement w ith  the  A v a lu e s  f o r  LiA0 and 
HS m e l t s ,  i t  would appear th a t  the  removal o f  oxygen  i n  th e s e  
c r u c i b l e s  ta k e s  p la c e  by d i f f u s i o n  through the w a l l s ' a s  w e l l  
as a t  the g a s /m e ta l  i n t e r f a c e ,  whereas w ith  low  carbon  m e lt s  
i n  h ig h  s i l i c a  c r u c i b l e s ,  having  a much low er v a lu e  o f  Ag, 
t r a n s f e r  appears to  take p la c e  o n ly  a t  the s ta g n a n t  g a s -m e ta l  
i n t e r f a c e .  These p o in t s  are i n  k e e p in g  w ith  u su a l  o b s e r v a t io n s  
o f  the m e l t s ,  the b o i l i n g  a c t io n  b e ij ig  som etim es p ro lo n g ed  
in  the h igh  carbon h e a t s ,  bu t no m eta l movement b e in g  se e n  
on any o f  the  low carbon or low  s i l i c a  m e l t s .  The rea so n s  
f o r  t h i s  probab ly  l i e  i n  the make up o f  the  c r u c i b l e s  them­
s e l v e s .  Although Table 12 shows the  c r u c i b l e s  to  have s im i la r  
p e r m e a b i l i t i e s  a t  room tem p eratu re , the M and P c r u c i b l e s  
have la r g e  amounts o f  s i l i c a t e  m atr ix  which, i f  n o t  e n t i r e l y  
l i q u i d ,  w i l l  be h ig h ly  v i t r e o u s  a t  1600° C e n t ig r a d e .  T h is  
may have the  e f f e c t  o f  p r e v e n t in g  d i f f u s i o n  o f  gas through
the c r u c ib le - m e t a l  i n t e r f a c e .  The d i f f e r e n c e s  m  oxygen  
c o n ten t  o f  the m e lts  probab ly  a l s o  can be e x p la in e d  on t h i s  
b a s is#  A f a c t  which was s u r p r is in g  a t  f i r s t  was th a t  h ig h  
carbon m e lts  i n  low s i l i c a  c ru c ib le  s (IIS, MAG) had s l i g h t l y  
h ig h er  oxygen c o n te n t s  than th o se  i n  h igh  s i l i c a  c r u c i b l e s  
(M and P ) .  This e f f e c t  may be due to , the  d i f f i c u l t y  o f  
i n i t i a t i n g  a m e t a l - c r u c ib le  r e a c t io n  b o i l  i n  c r u c i b l e s  which 
are porous to  the gas w ith  the  r e s u l t  th a t  th e  r a te  o f
7 n• removal i s  l im i t e d  and the oxygen c o n te n t  o f  the  m eta l i sfj
f  L*'
h ig h e r .  With n o n -p o r o u s .c r u c ib le s  a b o i l  i s  i n i t i a t e d  and 
e x p o ses  a much la r g e r  su r fa c e  area f o r  d e g a s s in g  g i v in g  low er  
oxygen l e v e l s .
vVith low  carbon h e a t s ,  however, the carbon c o n te n t  i s  to o  
low to  i n i t i a t e  a c r u c ib le - m e t a l  r e a c t i o n  b o i l  i n  a l l  c a s e s .  
Those c r u c i b l e s  v/hich are p orou s , however, a l lo w  th e  p r o d u c ts  
o f r e a c t io n  to  be removed from a la r g e  su r fa c e  area  so  th a t ,  
the oxygen c o n te n t  o f  t h e ' m e t a l ’ i s  k e p t  a t  a low er v a lu e .
With the M and P c r u c i b l e s  the r a te  o f  c r u c ib l e  
d eco m p o sit io n  i s  f a s t e r  and cou p led  w ith  the  lower; v a lu e  f o r  
Ag the r e s u l t  i s  a h ig h er  v a lu e  o f  the bath  oxygen c o n t e n t .
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CHAPTER TIT R E S . W U K l l s  t k i a j l j B .
1 ,  I n t r o d u c t i o n .
The l a b o r a t o r y  e x p e r i m e n t s  h a v e  d e m o n s t r a t e d  t h a t  
d i s s o c i a t i o n  o f  s i l i c a  c a n  o c c u r  o v e r  a  w i d e  r a n g e -  o f  m e t a l  
o x y g e n  a n d  s i l i c o n  l e v e l s  a n d  t h a t  m a g n e s i a  a n d  a l u m i n a  c a n  
a l s o  d o n a t e  o x y g e n  t o  t h e  m e l t  i f  t h e  c o n d i t i o n s  a r e  s u i t a b l e .  
A d e c r e a s e  i n  t h e  s i l i c a  c o n t e n t  o f  a l u m i n o s i l i c a t e  
r e f r a c t o r i e s  r e s u l t s  i n  a  l o w e r i n g  o f  t h e  a m o u n t  a n d  r a t e  a t  
w h i c h  o x y g e n  i s  t r a n s f e r r e d .  T r a n s f e r  s t i l l  o c c u r s ,  h o w e v e r ,  
a n d  c a n  o n l y  b e  p r e v e n t e d  b y  i n c r e a s i n g  t h e  s i l i c o n  c o n t e n t  
o f  t h e  m e l t  t o  a  l e v e l  a b o v e  t h a t  i n  e q u i l i b r i u m  w i t h  t h e  
b u l k  o x y g e n  c o n t e n t  a n d  t h e  a c t i v i t y  o f  s i l i c a  i n  t h e  
r e f r a c t o r y .
I n  t h e  c o u r s e  o f  v a c u u m  t r e a t m e n t  t h e  s t e e l  m ay  b e  o u t  
o f  e q u i l i b r i u m  w i t h  s e v e r a l  o x y g e n  s o u r c e s ,  t h e  l a d l e  a n d  
d e g a s s i n g  v e s s e l  r e f r a c t o r i e s  a n d  t h e  s l a g  b e i n g  t h e  m a i n  
o n e s .  What h a s  n o t  y e t  b e e n  c l e a r l y  e s t a b l i s h e d  a r e  t h e  
r a t e s  a n d  e x t e n t s  o f  o x y g e n  t r a n s f e r  f r o m ,  s u c h  s o u r c e s  a n d  
w h e t h e r  o r  n o t  t h e y  a f f e c t  t h e  r e a c t i o n  b e t w e e n  c a r b o n  a n d
«i
o x y g e n .  By s t u d y i n g  t h i s  p r o b l e m  i n  r e l a t i o n '  t o  t h e  D o r t m u n d -
»i
H o r d e r  v a c u u m  t r e a t m e n t  p r o c e s s  i t  w as  h o p e d  t h a t  t h e  f a c t o r s  
a f f e c t i n g  t h e  a c h i e v e m e n t  o f  l o w  o x y g e n  c o n t e n t s  c o u l d  
u l t i m a t e l y  b e  made  k n o w n  s o  t h a t  i m j j r o v e m e n t s  c o u l d .
■ s u b s e q u e n t l y  b e  m a d e .
2 .  E q u i p m e n t  a n d  e x p e r i m e n t a l  t e c h n i q u e .
2 . 1 .  D e s c r i p t i o n  o f  t h e  v a c u u m  t r e a t m e n t  u n i t .
A 3 0  t o n  D . H .  ( 9 1 , 1 1 7 , 1 2 3 , 1 3 5 - 1 3 9 )  u n i t ,  s i t e d  a t  t h e  
O p e n s h a w  w o r k s  o f  E n g l i s h  S t e e l  C o r p o r a t i o n  L t d . ,  w a s  u s e d  
f o r  t h e s e  i n v e s t i g a t i o n s .  A p h o t o g r a p h  o f  t h e  a r r a n g e m e n t  i s
13k ,
vessel is given in Figure 98. In order to degas a steel mel.t 
the filled l\0 ton ladle after tapping is placed on a carriage 
and brought under the electrically-heated vacuum chamber.
The nozzle, having a conical metal slag-b re alter in' position 
over its open end, is immersed in the liquid .steel and the 
chamber evacuated. Next, by the raising and lowering of the 
ladle by hydraulic rams, about 5 tons of steel are taken into 
the chamber and passed back to the ladle, where it mixes at 
the bottom of the ladle with the steel that has not yet been 
degassed (91, 135). The' ladle moves upwards by about twelve 
inches and the duration of the lift or cycle can be varied, 
but in these tests was between 18 and 22 seconds. About 
32 - l\0 part treatments or cycles follow each other so that, 
if in each lift 5 tons of steel are drawn in by vacuum, this 
corresponds to a total steel quantity passed through the 
chamber of 160-200 tons. As the. ladle contents amount to 
30 tons this is, therefore,'circulated five or six times.
For the control of degassing the following parameters 
are measured and continuously recorded in this installation.
(a) the steel quantity drav/n in at each lift (tons)
(b) the pressure in the vacuum chamber (torr)
(c) the composition of the gas drawn off by suction.
(d) the platform lift.
(e) the temperature prevailing in the chamber.
If) the temperature of the melt in the ladle
(measured before and after treatment).
The change in the oxygen content of the steel in the 
ladle depending on the number of part treatments is 
theoretically obtained from a so called recursion formula.
In this the mean concentration in the ladle t°*n + i ) i8
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e v a l u a t e d  f r o m  t h e  d a t a  o f  t h e  p r e v i o u s  r e l e v a n t  c y c l e .
It is then presupposed that the amount (M) and the mean 
concentration of the quantity of .steel found in the ladle 
prior to the (n + l) lift, the quantity of steel drawn in by 
suction (m) and its ingoing ( oCr) and outgoing (|&n + 1) 
concentrations are known.
‘VhL = °Si “ M " Pn+1^ ' * * Uif-3).
T h i s  f o r m u l a  i s  v a l i d  i f  t h e  c o n c e n t r a t i o n  o f  o x y g e n  o f  t h e  
s t e e l  i n '  t h e  l a d l e  i s  k e p t  h o m o g e n e o u s  b y  t h e  m i x i n g  a c t i o n  
o f  t h e  c y c l i c  p r o c e s s .
Experimental heats (1UQ)
Many of the heats investigated were made by a conventional 
single slag process and were blocked in the furnace by a 
priof-to-tap addition of silicomanganese and ferrosilicon. 
vVhenever possible, no further additions of deoxldents were 
made until late in the degassing process. Several heats were 
special experiments on low carbon steels to which no additions 
of silicon were made and in some cases the ladle was coated 
with a magnesia or alumina-chromic oxide slurry. It is 
conventional practice to remove most of the slag in the 
furnace so that a maximum of two inches remains on the steel 
after tapping. 2 cwts. of .a firebrick-coke breeze mixture 
are then added to this slag before the ladle is taken to the 
DH unit. On one or two heats, however, the bath v/as slagged 
as cleanly as possible and powdered magnesia thrown onto the 
steel after tap in place of the usual mixture.
It was considered appropriate not only to consider the 
final oxygen contents of the treated steel but to measure the 
complete course of the oxygen removal in the ladle by sampling 
and to,compare this with the theoretical course. To do this,
samples were "Gaicen as i requ.em.jLy as pussiore jl rum one ■ xhuic 
using the argon suction technique. After about one third of 
the experiments had been completed this apparatus was 
redesigned according to Eigure 99 so that they could be taken 
by one operator instead of the two or three men usually 
required. In so doing, the number of acceptable samples was 
sharply increased. Each volume of steel sucked into the 
5 nim i.d. silica tubes was killed with, aluminium distributed 
as a coil evenly throughout the length of the tube.
Subsequently each specimen was analysed for carbon,
*
silicon and oxygen, two corresponding determinations being 
required for the latter. All the previously mentioned records 
of the degassing- treatment were also retained for examination.
3« Experimental results and discussion.
At the outset it was hoped that the contribution of oxygen 
from the ladle lining could be followed by tracing the quantity 
of silicon picked up by the melt. Unfortunately the steel- 
making technique employed for these 30 tons arc furnace casts 
often meant either a blocking addition of ferrosilicon and 
silicomanganese prior to tap or a small addition of silicon 
to the ladle. Consequently in most cases at the commencement 
of degassing the silicon content was greater than 0.01% (in 
many cases, much higher) which both limited the accuracy of 
chemical analysis and sometimes, in the case of high oxygen 
melts, was sufficient.to bring the Si-O-SiO^ system to a 
state of equilibrium. Hence only on one cast was the silicon 
pickup accurately measured and so the data of Oeters and 
Vardag (135) was used to supplement this.
Table 31 shows that good agreement was obtained between 
the experimentally measured rates of oxygen transfer from 





layer thickness was put equal to 0.0075 cm. This reduced 
value of $ over the 51b induction melts is to he expected in 
view of the increased turbulence in the ladle caused by the 
ejection of large quantities of metal from the vacuum chamber 
after each cycle.
It serves to show that the rate model described by 
equation (12i+) can be accurately used to describe the transfer 
of oxygen from the ladle lining into a steel melt. It also 
shows that in the practical cases so far examined additional 1 
sources of silica have contributed little or no oxygen. This 
is principally due to the fact that the reacting area of slag 
is small compared with that of the ladle lining. In addition 
to this, slag is absent from many of the 80 ton heats in 
accordance with the Hoesch practice of degassing the first 
ladle to be tapped from an open hearth furnace and the activity 
of silica is low in slags rich in lime as in the 30 ton 
Openshaw heats.
figures 100 to 116 show the changes in oxygen, carbon 
and silicon contents of the present melts and in addition 
the theoretical oxygen path had equilibrium been reached 
between carbon and oxygen in the vessel.
Table 32 shows the relationship that pertains, prior to 
degassing, between silicon, oxygen and carbon on some of the 
heats.
The theoretical oxygen contents in equilibrium with the 
analysed carbon (equation (ij.), p = lat.) and silicon
V U
(equation (33), agio = ^  contents can be compared v/ith the
actual oxygen concentration of the steel in the ladle. It
can be seen that the silicon and carbon contents can be 
considered to be in equilibrium v/ith the same oxygen content
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in the case or numoertj x, x, ^ ^  __
ferrosilicon and silicomanganese was added- as a blocking 
addition on heat numbers 3, k , 6, 7, 9 and 11, but no addition 
of silicon was made prior to degassing on any of the other 
heats in Table 32), Irrespective of whether or not silicon 
has been added to the furnace, equilibrium between caroon, 
silicon and o x y g e n has been approached in the majority of 
cases, the exceptions being the casts with a high carbon 
content where both the actual o xygen content and that 
theoretically in equilibrium with carbon is lower, than that 
in equilibrium with silicon* More silicon is required to 
bring these casts to equilibrium, but the rate of addition, 
by way of decomposition of silica is not sufficient to make 
a noticeable effect at this high level (nos. 6, 7, ll). A 
similar situation also applies on those casts where no silicon 
was added yet as much as 0.015% has been picked up from some 
source (Nos. 1, 2, 5> 8 and 10).
Perhaps surprising is the fact that equilibrium between 
carbon and silicon is still approached even on those low 
carbon casts where silicon was added. This cannot be 
coincidence since, although roughly the same amo int has been 
added, the yield is variable and increases v/ith increasing 
carbon content (Table 33)•
It would seem that where the carbon content is high it 
controls the oxygen in preference to silicon and, therefore, 
little silicon is used up by oxidation. With lower carbon 
steels the addition of silicon is likely to be followed by 
a decrease in oxygen to a level below that in equilibrium 
with carbon. Some slight reoxidation will occur in the 
remaining short period in the furnace, but the major oxygen
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pickup w i l l  occar  on tapping* Further  o x i d a t i o n  o f  s i l i c o n  
may then  occur and a p o i n t  reached where the  d e o x i d i s i n g  
power o f  caroon and s i l i c o n  are e q u a l .  From t h i s  t ime carbon  
and s i l i c o n  w i l l  be removed t o g e t h e r  (n o s .  3, 4 ,  9)  as oxygen  
i s  in tr o d u ce d  and a l l  th r ee  w i l l  be i n  e q u i l ib r iu m .
By t h i s  mechanism, t h e r e f o r e ,  the s t e e l  w i l l  a r r i v e  a t  
the d e g a s s in g  unit  w ith  the oxygen, s i l i c o n  and carbon c o n t e n t s  
i n  e q u i l ib r iu m ,  p r o v id in g  t h a t  i n  a l l  c a s e s  where s i l i c o n  
pickup i s  n e c e s s a r y  o n ly  a sm all  amount i s  r e q u ir e d .  I f  the  
e q u i l ib r iu m  s i l i c o n  c o n te n t  i s  h igh  such as on h ig h  carbon  
s t e e l s  th en  th e re  w i l l  be i n s u f f i c i e n t  time f o r  t h i s  s i l i c o n  
c o n te n t  to  be reached and e q u i l i o r iu m  w i l l  no t  be a t t a i n e d  
(n os .  6 ,  7 and 1 1 ) .
In order  to  a s s e s s  the amount o f  oxygen donated during  
vacuum trea tm en t  i t  was n e c e s s a r y  t o  a s s e s s  the lo w e r in g  o f  
the s o l u b l e  oxygen c o n te n t  o f  the melt  and compare i t  w i th  
the  amount of  oxygen which had been a c t u a l l y  removed by  carbon  
as carbon monoxide. The low carbon c a s t s  can be a s s e s s e d  
u s in g  the  a s - a n a ly s e d  carbon and oxygen changes during  
d e g a s s in g ,  but t h i s  approach cannot be used w ith  carbon  
c o n t e n t s  g r e a t e r  than 0 . 1 /-o where the l im i t s ,  o f  chem ica l  
a n a l y s i s  becomes im portant .  To g e t  around t h i s  problem the  
removal o f  carbon was c a l c u l a t e d  from the  p r e s s u r e  changes  
i n  the v e s s e l  and a knowledge of  the f l o w  c h a r a c t e r i s t i c s  
o f  the Openshaw u n i t .  The p r e s s u r e  in  the v e s s e l  i s  . 
c o n t i n u a l l y  reduced during the  d e g a s s in g  p e r io d ,  but  i n  a
c y c l i c  manner as the s t e e l  e n t e r s  and l e a v e s  the  v e s s e l  as
shown i n  F igure  117. The f l o w  r a te  o f  g a s e s  out  o f  the
v e s s e l  depends on the  p r e s su r e  o f  the gas  i n  the chamber and
the c h a r a c t e r i s t i c s  of  the steam e; lector  s e t  which can be
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measured "by p r e p a r in g  a c a l i b r a t i o n  curve as shown i n  f i g u r e  
118, For the p r e s e n t  e v a l u a t i o n  the q u a n t i t i e s  o f  carbon  
monoxide removed from the m eta l  were determined f o r  th o se  
c y c l e s  where the p r e ssu re  was l e s s  than 10 t o r r  and p r io r  to  
the a d d i t i o n  o f  d e o x id a n ts .  This  g e n e r a l l y  meant th a t  
\ measurements were not  made p r i o r  to  the  6 th  c y c l e  or a f t e r  
the 2i+th. I t  has a lre a d y  been  shown (116) t h a t  much o f  the  
hydrogen i s  removed d i r i n g  the  f i r s t  few  c y c l e s  s i n c e  the  
change f o l l o w s  an asym ptot ic  curve s i m i l a r  to  t h a t  o f  the  
j average p r e s s u r e .  In any c a se  the volume o f  hydrogen e v o lv e d  
\ i s  sm al l  compared with carbon monoxide and so the  gas  coming  
o f f  the s t e e l  i n  the v e s s e l  was assumed to be pure carbon  
/  monoxide. The area under each  p r e s su r e  curve was f i r s t  found  
us ing  a p la n im e te r  and by d i v i d i n g  t h i s  by the  c y c l e  t ime the
i
! average pressure  r i s e  r e s u l t i n g  from gas e v o l u t i o n  was found.
M‘ ” ‘l'v/o f l o w  r a t e s  w^re then  measured us ing  f i g u r e  118; t h a t  due 
! to  the t o t a l  p r essu re  i n  the v e s s e l  halfv/ay through the  c y c l e  
and t h a t  which would have p r e v a i l e d  had th ere  been  no gas  
e v o l u t i o n .  The two r a t e s  were th en  su b tr a c te d  to  g iv e  the  
number o f  pounds of  carbon monoxide per  minute e v o lv e d  at  
th a t  t im e .  This  approach avoided  the  assum ption of  a l i n e a r  
r e l a t i o n s h i p  between p r e s su r e  and pumping r a t e  and, t h e r e f o r e ,  
should  he more a c c u r a te .  The p r e s su r e  i s  measured a t  room 
temperature i n  the water c o o le d  s e c t i o n  o f  the  pumping l i n e  
and s in c e  the  c a l i b r a t i o n  curve was a l s o  prepared at  room 
tem perature ,  no c o r r e c t i o n s  f o r  temperature were needed.
From t h e s e  c a l c u l a t i o n s ,  the l o s s  o f  carbon from the l a d l e  
c o n t e n t s  has been found and compared with t h a t  measured  
a n a l y t i c a l l y  on the low carbon c a s t s .  From Table 3k  the  
agreement can be seen  to  be s a t i s f a c t o r y  ana j u s t i f i e s  the
I k X
i s e ■of  i n i s  approach f o r  trie assessm ent  o f  h ig h  carbon c a s t s .
f a b l e  35 snows the  oxygen b a la n c e s  and r a te  measurements  
f o r  a l l  tne ’p r e se n t  c a s t s .  Data from the  80 ton  Hoeisch h e a t s  
i s  a l s o  g i v e n f o r  comparison. The m el t s  appear to  f a l l  i n t o  
th ree  ranges  -  those  where the removal o f  carbon and oxygen  
has been s t o i c h i o m e t r i c ,  ( e . g .  LM 3775,  Lil 3398,  Lii 3 k 2 6 ) ; 
th ose  where o n ly  d o n a t io n  of  oxygen from s i l i c a  has occurred  
( e . g .  VB I I I ,  VB XVIII);  and th o s e  where the  t r a n s f e r  r a te  o f  
oxygen was too  h ig h  to  be accounted f o r  by s i l i c a  d i s s o c i a t i o n  
alone (most o f  rem ainder) .  The t o t a l  amount of  oxygen donated  
to  the  m elt  was c a l c u l a t e d  from,
A 0 -p , =  A c h  — A q  «* * •  ( i k k )
where A 0^ = w/ o  oxygen donated i n  time A>t.
AOg = w/ o  oxygen removed by carbon as 00 ,  c a l c u l a t e d
from the carbon a n a l y s i s  on low carbon s t e e l s  
and p r e s su r e  measurement on h ig h  carbon s t e e l s .
and Ao = ,J/ o  s o l u b l e  oxygen  a n a l y s i s  removed from m e l t -
as a n a ly sed .
•For the  p r e se n t  e x p e r im en ta l  m e l t s  the r a te  o f  oxygen • 
t r a n s f e r  from the s i l i c a  l i n i n g  o f  the  l a d l e  was then  
c a l c u l a t e d  from model I I I  u s in g  8 ^ *0075 cm and knowing the- 
average s i l i c o n . a n d  oxygen c o n t e n t s .  The r a t e  o f  oxygen  
t r a n s f e r  from so u rces  o ther  than s i l i c a  was th e n  found from,
A ° ^  -  A oD -  A o S i 0  ^ . . . (1^5)
//hen p r e s e n t ,  t h i s  e x t r a  r a te  o f  oxygen d o n a t io n  can be many
<
t im es  g r e a t e r  than th a t  from s i l i c a  and i s , . t h e r e f o r e ,  more 
im portant .
I t  can be se en  from Table 35 t h a t ,  of  the  m e l t s  a t  
Openshaw, c a s t  bos .  Lil 3598, Ln yh26, Ln 3355 and HI 3722 nad 
s i l i c o n  and oxygen c o n t e n t s  which were above th o s e  i n
y
i:'
eo^ailioriam wi til  &g.. q = 1 and hsnce the f a c t  t h a t  the  
carbon-oxygen r e a c t i o n  was s t o i c h i o m e t r i c  on two o f  t h e s e  
c a s t s  v/as. to  he e x p e c te d .  I t  should ,  however,  be no ted  th a t  
one o f  th e se  c a s t s  (Lh 3398) had a wash o f  magnesia  on the  
l a d l e  su r fa c e  and both had magnesia  powder added to  the  l a d l e  
~) s l a g .  The e x t r a  oxygen s o i r e e  o f  oxygen v/as ab sen t  i n  both
c a s t s .  I t  w i l l  a l s o  he seen  th a t  the low t h e o r e t i c a l  r a te  o f  
oxygen t r a n s f e r  from s i l i c a  i n  Lf 3775 cannot he measured and 
the carhon-oxygen  r e a c t i o n  has been  recorded  as b e in g  
s t o i c h i o m e t r i c .
A l l  o th e r  c a s t s  i n  the  p r e sen t  s e r i e s  have shown the
presen ce  o f  a t h i r d  oxygen s o i r e e  which has c o n t r i b u t e d  more
than 200 ppm of  oxygen i n  'the worst  c a s e s .  F igure  119 shows
the r e l a t i o n s h i p  th a t  has been  o b ta in ed  between the r a t e  o f
*
oxygen t r a n s f e r  from t h i s  o th er  s o i r e e  and the  average  carbon  
c o n te n t  dar ing  the d e g a s s in g  p e r io d .  80 ton  h e a t s  o f  Hoesch  
are included, f o r  comparison.  The p o i n t s  f a l l  i n t o  two main 
groups: th o se  which show, a ’ p o s i t i v e  i n c r e a s e  in  r a t e  with  
in c r e a s e  i n  carbon c o n te n t  and th o s e  low carbon m e l t s  which  
have h ig h e r  and more v a r ia b le  r a t e s  o f  oxygen d o n a t io n .  
C on sider in g  f i r s t  th o se  which can be r e l a t e d  to the carbon  
c o n te n t  o f  the  m e l t .  ..hen the carbon l e v e l  f a l l s  be low  0.1>o 
the r a te  o f  e x t r a  oxygen t r a n s f e r  ten ds  to  zero i n d i c a t i n g  a 
s t o i c h i o m e t r i c  carbon-oxygen relationship.Table 38 shows the  
assembled data  on a l l  s l a g  samples taken  and i t  can  be s e en  
t h a t  t h e s e  c a s t s  have,  i n  g e n e r a l ,  t o t a l  s l a g  i r o n  c o n t e n t s  
o f  l e s s  than  y/o which tend to  d e c re a se  with  t im e.  The doable  
s l a g  c a s t s  have s l a g  i r o n  c o n t e n t s  o f  l e s s  than l>o and f i g u r e  
119 shows th a t  the exxra  oxygen t r a n s f e r  r a te  i s  lo w er  on 
t h e s e  c a s t s .  An in c r e a s e  i n  the r a te  o f  d on a t io n  i s  to  be
1U3
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at h ig h e r  car "bon l e v e l s ,  thas  i n c r e a s i n g  the d r i v in g  f o r c e  f o r  
d i f f u s i o n  a cro ss  the s i s g - m e t a l  l a y e r ,  A c o n t r i b u t i o n  o f  
oxygen  from the magnesia l i n i n g  o f  the d e g a s s in g  unit  i s  
very  u n l i k e l y  a t  th e se  r e l a t i v e l y  h ig h  oxygen c o n t e n t s ,  the  
l a b o r a t o r y  work i n d i c a t i n g  the absence o f  such a d i s s o c i a t i o n  
r e a c t i o n  at  oxygen l e v e l s  g r e a t e r  than  20 ppm. kven i f  the  
oxygen c o n t e n t  o f  the s t e e l  i n  uhe u n i t  i s  lowered by r e a c t i o n  
with carbon beyond t h i s  va lue  c a l c u l a t i o n s  show t h a t  the  r a te  
co u ld  o n ly  be o f  the  order  o f  It x 10“  ^ v// o / s e c  a l th o u g h  i t  
must be adm itted  t h a t  the  f l o w  c o n d i t i o n s  i n  the m i t  are  
unknown and a much sm a l le r  va lue  o f  S cou ld  i n c r e a s e  the r a te  
to  3 x 10“ b w/ o / s e c .  Sven so ,  the  r a t e s  o f  e x t r a  oxygen
T__ K . y
do n a t io n  have been  m eas ired  to  be as high as 6. x  10 V o / s e c
*
and so t h i s  s o i r e e  o f  oxygen can be r u le d  o u t .
In f a c t ,  t h i s  e x t r a  oxygen source  can be p o s i t i v e l y  
i d e n t i f i e d  as i r o n  ox ide  i n  the s l a g ,  f i g u r e  119 shows t h a t  
the s i n g l e  s l a g  h e a t s  where the r a te  of  e x t r a  oxygen supp ly  
d e c re a sed  w ith  d e c r e a s in g  carbon c o n te n t  a l l  r e c e i v e d  a 
b l o c k in g  a d d i t io n  o f  f e r r o s i l i c o n  and s i l i c o m a n g a n e s e  to  the  
furna ce  p r io r  to  tap which r e s u l t e d  i n  a lo w e r in g  o f  the  s l a g  
i r o n  c o n te n t  from 8 -  11% to  1 -  y%, S i m i l a r l y  a l l  the  low  
caroon c a s t s  e x h i b i t i n g  h igh  and v a r ia b le  d o n a t io n  r a t e s  d id  
not  r e c e i v e  such an a d d i t i o n  and c o n s e q u e n t ly  the  s l a g  was 
i n  a h igh  s t a t e  o f  o x i d a t i o n  (8~20y> FeO)(Table 36) on a r r i v a l  
a t  the DH u n i t .  I t  i s  i n t e r e s t i n g  to  note  t h a t  th e  80 to n  
Hoesch h e a t s  f o l l o w  a s i m i l a r  p a t t e r n  to  the 30 t o n  Openshaw 
h e a t s ,  but  here a l a r g e r  p r o p o r t io n  o f  the low carbon h e a t s  
e x h i b i t  s t o i c h i o m e t r y  presumably because  th e re  i s  l i t t l e ,  i f  
a q y s la g ,  on most o f  th e se  h e a t s .  The f a c t  th a t  th e  r a t e  o f
HiH-
as the Openshaw c a s t s  i s  i n  -good agreement with the  r a t i o  o f  
l a d l e  d im ensions  f o r  the two p l a n t s  (Table 37)
i . e .  Area s l a g  -  hoesch .  _ 1 . 5
1Area s l a g  -  Openshaw
and Area l ad le  ~ Hoesch _ 2 .0
A r e a l a d X e -  Openshaw 1
The su r fa c e  area o f  r e a c t i v e  s l a g  u n f o r t u n a t e ly  cannot he 
c a l c u l a t e d  s i n c e ,  i n  a d d i t i o n  to  th a t  which f l o a t s  on the  
s t e e l  s u r f a c e ,  some i s  taken  i n t o  the v e s s e l  during  immersion  
of  the sn o r k e l  and some i s  hound t o  r e a c t  w ith  the l a d l e  l i n i n g  
a t  tap or he l e f t  over  as a l a d l e  g l a z e  from the p r e v io u s  h e a t .  
The main so u rc e ,  however,  i s  thought to  be t h a t  which f l o a t s  
on top o f  the l a d l e  (20)  and i t  i s  obvious  (from f i g u r e  119)  
th a t  t h i s  can he l a r g e l y  e l i m in a t e d  by the a p p l i c a t i o n  o f  the  
c o r r e c t  d e o x i d a t i o n  procedure p r i o r  t o  ta p p in g .  Oxygen 
d o n a t io n  can probab ly  a l s o  be e l i m in a t e d  on medium and h ig h  
carbon s t e e l s  i n  a s i m i l a r  way. S lag  d e o x i d a t i o n  by carbon  
or powdered f e r r o s i l i c o n  should  enable  an a lm ost  s t o i c h i o m e t r i c  
carbon/oxygen  t o  be a t t a i n e d  on a l l  s t e e l s .  The low r a te  o f  
oxygen t r a n s f e r  from the l a d l e  appears to  be h a r d ly  s i g n i ­
f i c a n t  v/ith carbon c o n t e n t s  up to  0.5%,  e s p e c i a l l y  w i th  double  
s l a g  s t e e l s  where the s i l i c o n  c o n t e n t  i s  g e n e r a l l y  made up to
0 . 2  -  O.L|3i> p r i o r  to  d e g a s s in g .  Of c o u r se ,  on h igh  carbon  
grades  the s o l u b l e  oxygen c o n te n t  may be as low as 20 ppm and 
e x t r a  care  with s l a g  d e o x i d a t i o n  w i l l  have t o  be ta k e n  and 
d o n a t io n  from the l a d l e  l i n i n g  may even  be im portant and have  
to  be e l i m in a t e d  by a l a d l e  wash,
f i g u r e  120 shows how the d o n a t io n  o f  oxygen d u r in g  
d e g a s s in g  a f f e c t s  the e f f i c i e n c y  o f  the carbon-oxygen  r e a c t i o n .  
I t  can be s e e n  t h a t  the e f f i c i e n c y  o f  oxygen removal i s
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h i g h e s t  where the e x t e r n a l  oxygen supply  i s  a t  a minimum 
and where the carbon c o n te n t  i s  low.  The e f f e c t  o f  
d e c r e a s in g  carbon c o n t e n t  i n  low carbon s t e e l s  cannot be 
s e e n  from t h i s  diagram b a t .  i n  g e n e r a l  as Table 35 shows,  
the e f f i c i e n c y  d e c r e a s e s  w ith  d e c r e a s in g  carbon c o n t e n t  f o r  
i n i t i a l  l e v e l s  l e s s  than 0 .0 5 /h  At low carbon l e v e l s  (.03>o) 
the  d o n a t io n  of oxygen can reduce the d e g a s s in g  e f f i c i e n c y  
by more than 50%, and a t  v ery  low l e v e l s  the  e f f e c t  i s  
d r a s t i c ,  h a r d ly  any removal o f  oxygen ta k in g  p l a c e .  S im i la r  
c o n c lu s i o n s  may be reached with  r e s p e c t  to  h igh  carbon s t e e l s  
v/here the  r a te  o f  oxygen t r a n s f e r  to  the g a s - m e t a l  i n t e r f a c e  
i s  r a t e - d e t e r m in in g .
One s t r i k i n g  f e a t u r e  o f  a l l  c a s t s ,  n o t i c e a b l e  from
f i g u r e s  luO to  116 i s  the  rap id  e f f e c t  o f  a l l o y  d e o x i d a t i o n
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compared with the carbon-oxygen r e a c t i o n ,  whereupon the  
t r a d i t i o n a l  acceptance  o f  the  b e n e f i t s  o f  the  l a t t e r  i s  
alm ost  reduced to  a myth. In f a c t  the removal o f  oxygen  by  
r e a c t i o n  with carbon i s  g e n e r a l l y  very  poor ,  r a r e l y  a t t a i n i n g  
an e f f i c i e n c y  o f  g r e a t e r  than 60%, F igure  120 shows th a t  i t  
i s  p o s s i b l e  to  a t t a i n  t h i s  f i g u r e  a l l  the t ime by e l i m i n a t i n g  
the s u p p l i e s  o f  oxygen from the v a r io u s  s o u r c e s ,  but  e v en  so ,  
as F igure  100 to  116 show the  carbon-oxygen  r e a c t i o n  would 
s t i l l  not  a t t a i n  e q u i l ib r iu m  and here the  k i n e t i c s  o f  t h i s  
p r o c e s s  would seem to  r eq u ire  f u r t h e r  i n v e s t i g a t i o n .  I t  has  
a lr e a d y  been  shown t h a t  the fo rm a t io n  o f  gas  b u bb les  ( 9 3 , 1 3 5 )  
i s  very  important i n  a c h ie v in g  r a p id  gas removal and more 
work on the  f l u i d  mechanics o f  the  v a r io u s  p r o c e s s e s  i s  
needed as does the i n f l u e n c e  o f  i n e r t  and r e a c t i v e  gas  ; 
b u b b l in g .  9ork has  been  done i n  t h i s  r e s p e c t  i n  t h e o r y  and 
l a b o r a t o r y  (7 9 -6 3 )  but  l i t t l e  has been  c a r r i e d  out  on the
IMS
p l a n t s  onem s e l v e s .
I t  i s  the a u th o r 1 s o p in io n ,  hoy/ever, t h a t  the  
advantages  o f  a l l o y  d e o x i d a t i o n  are a lr e a d y  e s t a b l i s h e d  and 
f a r t h e r  e x p l o i t a t i o n  o f  th e se  e l i m i n a t i o n  p r o c e s s e s  would  
appear to  provide the q u ic k e s t  answer to  the  q u e s t  f o r  











Laboratory ex per im en ts  show t h a t  s i l i c a  d on ates  
oxygen to  an i r o n  m elt  a t  a h igh  r a t e  r e s u l t i n g  i n  a 
s t a t i c  oxygen c o n t e n t  f o r  as long  as the carbon and 
s i l i c a  l a s t s .
The r a te  and t o t a l  amounts of  oxygen and s i l i c o n  
t r a n s f e r r e d  to  the  m elt  d e c r e a s e s  as  the alumina  
c o n te n t  of  the c r u c i b l e  i n c r e a s e s  and as the  s o l u b l e  
oxygen c o n t e n t  i n c r e a s e s .  The carbon-oxygen  
e q u i l ib r iu m  i s  not  reached at  reduced p r e s s u r e s ,  but  
the oxygen c o n t e n t s  a ch iev e d  are Lower, A l i m i t i n g  
oxygen c o n t e n t  o f  10 ppm i s  reached which i s  thought  
t o  be due,  not  o n ly  to  the  co n t in u o u s  su p p ly  o f  
oxygen from the c r u c i b l e ,  but a l s o  to  the  i n f l u e n c e  
•of f e r r o s t a t i c  p r e s su r e  or c r u c i b l e  p o r o s i t y  on 
bubble fo rm a t io n .
The d i s s o c i a t i o n  r e a c t i o i i  can reach chem ica l  
e q u i l ib r iu m  at  h igh  s o l u b l e  oxygen l e v e l s  where the  
e q u i l ib r iu m  s i l i c o n  c o n t e n t  i s  low. more u s u a l l y ,  
however,  i t  o n ly  s t o p s  when the s i l i c a  has  been  
l e a c h e d  c o m p le te ly  from the  su r fa c e  and has  been  
r e p la c e d  by a porous l a y e r  o f  alumina (or  alumina + 
m u l l i t e )  i n  the c a se  o f  the lower r e a c t i o n  r a t e s .
The d i s s o c i a t i o n  r a t e s  o f  magnesia and alumina  
have been  measured and are i n  good agreement with
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p r e v io u s  d e t e r m in a t io n s .
A r a t e  model has  b een  programmed i n t o  an I .C .T .  
1500 computer to  determine the  t h e o r e t i c a l  t r a n s f e r  
r a t e s  f o r  oxygen and s i l i c o n .  Good agreement has  
been  found with  e x p e r im en ta l  r e s u l t s  which i s  thought
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d i f f u s i o n - c o n t r o l l e d  p r o c e s s ,  Agreement .has a l s o  
“been found w ith  works e x p er im en ta l  r e s u l t s  on 30 to n  
and 80 to n  s c a l e s ,  i n d i c a t i n g  th a t  w i t h i n  the  range  
o f  s t e e l s  s t u d i e d ,  the l a d l e  l i n i n g  i s  the  o n ly  source  
o f  s i l i c a  l i k e l y  to  c o n t r i b u t e  oxygen.
( v i )  In a d d i t i o n  t o  the s o l u b l e  oxygen c o n t e n t  o f  the  
s t e e l  and t h e . oxygen su p p l ie d  by s i l i c a ,  th e r e  i s  a l s o  
a t h i r d  major source  which has  been  shown to  be i r o n  
ox ide  p r e s e n t  i n  the s l a g .  C orrect  a t t e n t i o n  to  the  
d e o x i d a t i o n  of  s l a g  p r i o r  t o  ta p p in g  has b een  shown
to  be a s imple  way o f  l a r g e l y  removing t h i s  s o u r c e .
( v i i )  The i n f l u e n c e  o f  the r a te  o f  oxygen d o n a t io n  on
the  e f f i c i e n c y  o f  oxygen removal by  the DH p r o c e s s  has  
been examined. I t  i s  shown t h a t ,  as the t r a n s f e r  r a t e  
i n c r e a s e s ,  the e f f i c i e n c y  i s  lowered  b oth  on h ig h  and 
low carbon s t e e l s .  The e f f i c i e n c y  a l s o  drops as the  
carbon c o n te n t  i s  r a i s e d .  The e l i m i n a t i o n  o f  oxygen  
d o n a t io n  should make i t  p o s s i b l e  to  m a in ta in  the  
e f f i c i e n c y  of  the carbon-oxygen  r e a c t i o n  a t  50-70%.
( v i i i )  Further  improvements can o n ly  be brought  about
by e i t h e r  improving the k i n e t i c s  o f  the c a rb on -ox y gen  
r e a c t i o n  i t s e l f  or by forming i n s o l u b l e ,  removable  
ox ide  p r od u cts  by a l l o y  d e o x i d a t i o n .  In t h i s  r e s p e c t  
a t t e n t i o n  to  the sequence and amounts o f  d e o x id a n t  
a d d i t i o n  are o f  paramount importance and, added dur ing  
d e g a s s in g ,  the i n c r e a s e d  turbu lance  can be used to  
i n c r e a s e  the r a te  o f  e l i m i n a t i o n  o f  the p r o d u c t s  to  
f r e e  s u r f a c e s .
I b 9
FUTUR3 WORK.
The f o l l o w i n g  a r e a s ,  a s s o c i a t e d  w ith  the  s u b j e c t  
m atter  o f  t h i s  t h e s i s ,  are su g g e s te d  as "being worthy o f  
f u r t h e r  i n v e s t i g a t i o n .
1 .  The p r e s e n t  work i s  i n  good agreement w i th  the  
d e te r m in a t io n s  o f  Brotsmann o f  the r a t e s  o f  magnesia  
d i s s o c i a t i o n ,  however, w h i l s t  Brotsmann r e p o r te d  
measurable r a t e s  up to  h ig h  oxygen l e v e l s  ( . 0 2 0 w/ o ) ,  
the  author has found no ev id en ce  o f  such a r e a c t i o n  
.at oxygen l e v e l s  g r e a t e r  than about 0 .0 0 2 w/ o .  This  
c r i t i c a l  oxygen l e v e l ,  a s s o c i a t e d  w i th  a c r i t i c a l  
p r e s s u r e ,  r e q u i r e s  f u r t h e r  exam in at ion .
2 .  I t  i s  e v id e n t  from the works o f  /Vard and 
Turkdogan t h a t  the  c o n d i t i o n s  where ch em ica l  c o n t r o l  
t a k e s  over  from d i f f u s i o n  c o n t r o l  as the  r a t e -  
d eterm in ing  s t e p  i n  s i l i c a  d i s s o c i a t i o n  are no t  f u l l y  
known.
3 .  More work i s  r eq u ired  on the e f f e c t  o f  ox ide  
d ec o m p o s i t io n  on the removal o f  oxygen by the  v a r io u s  
d e g a s s in g  p r o c e s s e s .  v/ith some t e c h n iq u e s  the  m eta l  
i s  not  i n  c o n t a c t  w ith  s l a g  during the vacuum t r e a t ­
ment and i t  would be e x p e c te d  t h a t  t h i s  would a id  the  
removal o f  oxygen from the m e l t .  E q u a l ly  im po rtant ,  
however,  are the k i n e t i c s  o f  the  C-0 r e a c t i o n  dur ing  
d e g a s s in g  o f  t h e s e  d i f f e r e n t  t e c h n iq u e s  and t h e r e  i s  
p l e n t y  o f  scope here f o r  f u r t h e r  s t u d i e s .
I;. The p r e s e n t  work has shown the  i r o n  o x id e  c o n t e n t
o f  the  s l a g  to  be a l a r g e  source  of  oxygen capa b le  o f  
b e in g  t r a n s f e r r e d  t o  the  m e ta l .  Techniques f o r  s l a g  
d e o x i d a t i o n  without  m eta l  d e o x i d a t i o n  sh o u ld ,  t h e r e f o r e ,
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be sought ,  i . e .  use o f  aluminium p e l l e t s ,  powdered 
I’e S i  or carbon. D e o x id a t io n  o f  the m eta l  should  be 
avoided  s i n c e  t h i s  w i l l  tend  to  m a in ta in  a h ig h  
d r i v i n g  f o r c e  f o r  oxygen d i f f u s i o n .
5 .  I t  has not  been  p o s s i b l e  to  i n v e s t i g a t e  the
c o n t r i b u t i o n  o f  oxygen from the s i l i c a  o f  the  l a d l e  
l i n i n g  a t  v e r y  low oxygen l e v e l s ,  i 'h is  sh ou ld  be 
examined and the p o s s i b l e  use o f  s u i t a b l e  l a d l e  
washes borne i n  mind.
6 .  ' Much work r e q u i r e s  to  be done on the  e f f e c t i v e
use o f  d e o x id a n ts  as a means to  o b t a i n in g  c l e a n  
s t e e l .  Here the d e g a s s in g  v e s s e l  c o u ld  be a v e ry  
u s e f u l  t o o l  i n  c o n t r o l l i n g  the  sequence and amounts 
of  the  a d d i t io n s  and i n  p r o v id in g  the  tu r b u len ce  
n e c e s s a r y  to  a id  the removal o f  the i n s o l u b l e  p r o d u c t s .
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APPEHDIX I . C a l i b r a t io n  o f  p r e s s  are tra n sd u c er  by 
the ase  o f  a Toepler  gauge.
The T oep ler  gauge i t s e l f  r e q u ir e d  i n v e s t i g a t i o n  b e f o r e  
the tra n sd u cer  co u ld  he c a l i b r a t e d .
1 ,  C al i  o r a t i o n  o f  volumes o f  Toepler  g a u g e .






if.C  j _ . .
li! i >
i / i ~
Volume v" and V0 were determined by the  w e ight  o f
JL c . » w
mercury req u ire d  to  f i l l  them. The l a r g e s t  volume VT was 
measured hy weigh ing  the  amount o f  water r e q u ir e d  to  f i l l  i t  
Bach weighing  was r e p e a te d  u n t i l  c o n s i s t e n t  r e s u l t s  were 
o b ta in e d .  The volumes determined are shown i n  the above 
s k e tc h .
2 .  To c a l c u l a t e  p r e ssu re  i n  system (PQ)
With r e f e r e n c e  t o  the above diagram.
f o r  Volume V^ .
[O Vhi + po>
Hence
and
?0 (VT - V i )  = hlV l
-P0 = hl Vl -  = hl h
V -V  T 1 V +v 2 3




3 .82 0 1
V2 +V3 9 .5 2 6 9 + 5 0 7 .3
= 0 .0 0 7 3 9 1
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I f  h^ i s  measured i n  cms .  t h e n j “p1 = 0 . 0 739 t o  g i v e  Pq i n  t o r r  
For Volumes (V^ + V^)
V.T*0 + ^2  ^^12 P0 )
Hence p y V j-V - j -V , )  = h1 2 (V1 + Vg)
and P0 = h1 2 CVl  + V
V3
So L o  = (V1 + V  = 3 .8 2 0 1  + 9 . 5 2 6 9 . = 0 . 02631
J  V3 5 0 7 .3
1
3 .  C a l i b r a t i o n  pf  'backing volume
I f  h12 i s  measured i n  cmis. th e n jp^p ~ 0*263 to  g i v e  Pq i n  to rr ,
The procedure f o r  t h i s  was as f o l l o w s
( i ) h^ and h-^ were measured i n  the  two a p p ro p r ia te
volumes.
( i i )  The gas  c o l l e c t e d  i n  the measuring volume was
pumped out  through the top ta p .
( i i i )  The mercury was a l lo w ed  to  f a l l  and the  g a s  i n
the  r e s t  o f  the back ing  system v/as a l lo w e d  t o
f i l l  a l l  the  backing  volume.
( i v )  h^ and h-^ were a g a in  measured i n  the  same two 
volumes.
P0 = j p f l  = / p  12h12
where f n  and are the  p r e s su r e  f a c t o r s  a p p ro p r ia te  f o r
J F1 J a12
each volume, c a l c u l a t e d  from the  volume c a l i b r a t i o n  o f  tiie  
McLeod gauge - ( s e c t i o n  2 ) .
T h er e fo re ,  r e f e r r i n g  to  the  above p roced ure ,  i n  the  f i r s t  
measurement Pft = = J
and a f t e r  r e j e c t i n g  t h i s  gas from the McLeod gauge
P* = i  Pl \  = / P12hl28
Now
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< 3 ^ ^  u - la v ,  c.\ v  \  v^ y  « •  Ij  J J J .  C  b  J j U I ' C  JT 1 1 U W  J L J L J - . ' . i D
a l l  the system  a t  p r e ssu r e  Pv and th e r e fo r eD
V* pa = V VT + V )
V * a ” V  = V b
• • \  ~ VTP-b
^ o - ^ h )a D'
Hence i A -  \
f i \ , .  j i ' n )
VT
or i n  g e n e r a l  terms V = Vr^  /  hfc>
ha ~ )
N.B. I t  i s  "better to  use  p r e s s u r e s  s in c e  th e  corresp on d en ce  
o f  p r e ssu re  measured i n  two d i f f e r e n t  volume i s  a 
good t e s t  th a t  co n d e r is ib le s  are a b sen t  and th a t  the  
zero mark f o r  each  bu lb  i s  c o r r e c t .
The r e s u l t s  o b ta in ed  by t h i s  procedure are shown i n  Table 38 
i s  c o r r e c te d  f o r  the  d i f f e r e n c e  i n  h e ig h t s  o f  th e  zero  
marks and Vg i . e .  -  L\.-.k cm.
Talcing the  average f o r  the v a lu e s  o b ta in ed  on the  sm all  
bulb  (V^) the  b ack in g  volume v/as found to  be 
= 8 7 .9  m is .
If.. Volume f a c t o r s .
T o ta l  volume o f  system  V = = 6 0 8 .5  m is .’
To determ ine the volume o f  gas c o l l e c t e d  i n  the  v a r io u s  b u lb s ,  
c o n v e r ted  to  N .T .P .
f o r  v o lu m e  V, . x  = .0739  x  6 0 8 .5  = .0 5 9 2
1 ’ J  h  J  h  , 6 °  T S o
J V1 = -°5 9 2
for volumes V-, + V0 x  V_ = .2 6 3  x  6 0 8 .5 = 0 .2 1 0 6
“ . ^ 9 J  v12 J  *12 760 760
J vx = 0 .2 1 0 6
These factors are to convert h, measured in cms, to the 
volume of gas i n  m is .
16U
5 . C a l i b r a t i o n  o f  p r e s  pure  t r a n  s d uc e r «
A sm all a moan t  o f  gas was tak en  from the fu rn ace  by  
opening v a lv e s  and and punpped, “by the  d i f f u s i o n  pump 
(Dj) through and in t o  the  t o  epic r g a u g e« ( h „ 3 .  was 
not o p e r a t i v e ) .  .'/hen a l l  the  gas had been pumped to  the  h ig h  
p r e ssu re  s id e  the m i l l i v o l t a g e  output from the  tra n sd u c er  v/as 
measured by the mV r eco rd er  and the p r e ssu r e  i n  the  system  
v/as measured by running the  mercury in t o  the  now a c c u r a t e ly  
c a l i b r a t e d  T oep ler  gauge. 'The r e s u l t s  o b ta in ed  are shown in  
Table 39 .
The graph o f  mV/torr from th e se  r e s u l t s  i s  shown i n  
b ig u re  from which i t  can be se e n  th a t  the r e l a t i o n s h i p
i s  l i n e a r  up to  k .5  torn  or 6 mV. This range i s  q u i t e  
s u f f i c i e n t  f o r  a ccu ra te  gas a n a l y s i s  and w e l l  w i t h in  th e  s a fe  
working l i m i t s  f o r  the back in g  p r e ssu r e  o f  the d i f f u s i o n  pump 
D^. Because o f  t h i s  l in e a r  r e l a t io n s h ip  the need f o r  
r e fe r e n c e  to  a c a l i b r a t i o n  curve was u n n e ce ssa ry  and the  
m i l l i v o l t a g e  output has been  used d i r e c t l y  f o r  the  c a l c u l a t i o n  
of gas c o m p o sit io n  by volume.
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TABLE 1.
oxygen in l i e a i d  ir o n .  .
Temp. °G 1550 1600 1650 1700
E quation  11 . [v/t^cOl 0 .1 8 5 0 .2 2 9 0 .2 8 1 0 .3 d  0
(2d, 25) L J
E au ation  12 [w/ o  0 0 .1 9 0 0 .2 3 0 0 .2 7 7 0 .3 3 0
(12) 1
TABLE 2 . E x p er im en ta l ly  determ ined v a lu e s  o f  th e  mass
t r a n s f e r  c o e f f i c i e n t  f o r  the caroon -oxygen
r e a c t io n .
Mass t r a n s f e r  c o e f f i c i e n t I n v e s t ig a t o r .
p (cm /se c )
0 .0 2 L arsen, B.M* (8d)
o.od Bogdandy> L.V. (73)
0 .0 3 T ih erg , L. (88)
0 .0 0 1 5  -  0 .0 1 2 6 P a r le e , L. A.e t  a l  (85 )
0 .0 3 King, T. B. (55)
o .o id  -  o.od7 Knuppel, H and i ' . 0 e t e r s ( 9 ’
0 .0 3 8 Kraus, T. (86)
o.odo K ichardson, E.L. (79 )
TABLE 3 . Mass t r a n s f e r  c o e f f i c i e n t s  on foam ing m e l t s
m  vacuo
I n v e s t ig a t o r .cm /sec
0 .1  -  0 .3
0 .1  -  0 .2  
0 .2  -  O .k  
0 .1  -  0 .2
Kraus (.86) c a l c u l a t i o n  
from e q u a t io n  (,91)
Sokolov e t  a l ( 9 0 ) ( . l a d le ) 
Hardens e t  a l ( 9 1 ) ( E .H .) 
Ha,rders e t  a l ( 9 2 )  ( c r u c i h i e )
v a l u e s  of  a p p a r e n t  a c t i v a t i o n  e n e r g y  ( 9 / )
(Q:5 <t)  k c a l / g . m o l e .
T h e o r e t ic a l  va lu e  {97)  
S a tu ra ted , g r a p h ite  on s u r f a c e .  
S a tu ra ted , g r a p h ite  submerged. 
U nsaturated  w ith  carbon.
77 -  8k  
7 k .8  ± 3 .1  
7ko3 ± 2 .8  
8 5 .1  -  5 .1
D i s s o c i a t i o n  o f  alumina i n  c o n ta c t  w ithTABLE 5
H ach lin  model (61+) Experim ental r e s u l t s  
o f  i ' i s c h e r  e t  a l  (100)
-2■ 1 . 1 - 1 r9x10
G/M
-2








j Temp.] Rate of Oxygen 
. °C. Transfer
n /sq.cm/sec.j O i











1400 .2 - .8 1600
.





















f I-7* 13.1 x 10 |
-?f !1 .5 x 10 n  |
n \ j
0.67 x 10“ 1 |
MgO Kraus (86) Low carbon 
under vacuum. 27 ■ 1600
!
J9& !
4 .4  x 10 ' j
A12°3 Parlee et at (85)
Range of carbon 
contents; press 









0.15 x 10 “ 1
«S !1.3 x 10 «isI








-8 I 3.8 x 10 ]
j\1











1.6  x 10~  ^ j
-7 ' 1.5  x 10 j
—7 s 1.4  x 10 j
I
S i°2 Graham &
Argent .(99)
0.2^0 under 
vacuum -  
alumino 








M  !1.3 X  10 ! 
- 7 t6.6 x 10 M jJ
I
Si02 Turgdogan 
et a l  (94)
C saturated 
iron + s i l ­
icate slag. 












-7 ;5.28 x 10




* h calculated from charge weight and crucible diameter* 
+ assumed that h = 2D calculated from charge weight.
TABLE 7, Hydrogen removal by degassing.
P r o c e s s
J
I n i t i a l H y d r o g e n i h y d r o g e n j S y m b o l .  C o m m e n t s .
( j H y d r o g e n c o n t e n t 1 r e m o v e d .
1i i
j i C o n t e n t a f t e r | l1 i
! j ( m l / l O O g ) d e g a s s i , n g . 1 l
< ‘ ( m l / i g o g i  . .
j i S t r e a m H e a d , 1 1 .
1 T a p 4 . 1 1 . 1 1 . 5 I 73 i © f u l l y  k i l l e d . B o c h u m e r
I D e g a s s ­ 1 I j
I
i 5 0 T  u n i t .i n g/  t  » N j i
11 v
( 1 1 4 ) 2 . 3 : 0 .65 1.0 j 7 2 j © « n I n d i v i d u a l
1 i
j
B E A  h e a t s .
4 . 0 ! 1 .0 2 .0 ! 73
I
j 0 s e m i  k i l l e d . ( $ . r e m o v e di \i 1 ! ~ c a l c d .  o n
2 . 9 \ 0 .65 1 .1 i 75
1 uI ; 11 n s a m p l e s
| 1 t1 i1 1 f r o m
3 . 6i ! 0 .6 5  ;• ;
1 .0 1 6 2
i
1 0t ; o p e n  s t r e a m s )
i 1.9
i
i 0 .50  ;1 1










! U n i t  ©  E . 3 . C .
j I ! 1 ! % r e m o v e d  c a l c d .  o n?$ i ' I j s a m p l e s  f r o m  c o r e  o f
V a c u u m i i -j f o r g i n g .
c a s t i n g 4 . 0 1 0 . 7 4 1 . 6 3 2 I x j A 0 H ( m e a n  o f  3 3  c a s t s )
( 1 1 5 ) | ' : j ;
j
i | ( 6 0 £  o n  h e a d )
5 . 7 I 0 . 3 4  ' 2 . 0 3 5 ! + | B E A ( m e a n  o f  3 0  c a s t s )
1 1 ij | ( 6 5 / a  o n  h e a d )
( 1 1 6 ) | 9 . 0 | 2 . 3 0
I
I 6 9 © I 3 0 T  DH u n i t  6  E . S . C .
D . H . I i j s a m p l e s  t a k e n  f r o m
1 l j l a d l e  a f t e r  d e g a s s i n g
6 . 0 i 2 .1 5 64 ! © ; ( V a l u e s  d e r i v e d  f r o m1 j r e g r e s s i o n  e q u a t i o n
!i j ! f = 6 . 2  5  H - 0 . 04n - 0 . 3 i  *
3 . 0 1 . 4 5 3 j © ; 2 . 7
! i | w h e r e  F = f i n a l  [ l l j1 i j H . -  o r i g i n a l  J h]
11 ! n  =  n o .  o f  c y c l e s  ( 2  5 )j j X  =  r e c i r c u l a t i o n
1i!
i
ij i f a c t o r  ( 3 . 5 )
1 0 . 0 4 . 0
_________ _____
6 0 ! □ ; 1 0 0 T  D H  u n i t  ©
j | L a n c a s h i r e  s t e e l .
D . H . 6 . 0 2 . 3 5 4 ; a j ( V a l u e s  t a k e n  f r o m
( 1 1 7 ) 1 | b e s t  l i n e  d r a w n
3 . 0 1 . 9 3 7 ! □ i t h r o u g h  p o i n t s .
:
| B . O . H .  f u r n a c e s )
6 . 0 1 . 9
— -----------------
: ‘ T . ® s r a i r r - T o - w f
B E A  f u r n a c e s .
| 4 . 0 1 . 8 5 5 A A r g o n  g a s  i n j e c t i o n
1
i R R a s  p a r t  o f  p r o c e s s .! i t*  n .
I 3 . 0 1 . 5 5 0 A ( V a l u e s  t a k e n  f r o m1 \  <L J









A t h r o u g h  p o i n t s ) .
S t a t i c


























7 0 - S 0 T  h e a t s .  B e a r d m o r e .  
g a s  a g i t a t e d ,
( V a l u e s  t a k e n
n r ,  d n m  i  j. f r O R l  b e s t ,7 0 - o O T  h e a t s  •  -) * -yl i n e  d r a w n
N o t  a g i t a t e d .  t h r o u g h
p o i n t s )
2 0 T  h e a t s .
N o t  a g i t a t e d *
S t a t i c
L a d l e
(119)
3.55 2.55 28 A 1 0 0 T  D o m n a r v e f c .©
a g i t e d  w i t h  a r g o n .
M e a n  v a l u e s  f r o m  1 9 0  h e a t s .
C o n t i n ­ 9.0 4.8 47 V O p e r a t e d  © L o w L I o o r
u o u s





a l l o y  s t e e l v / o r k s .  
( V a l u e s  t a k e n  f r o m  b e s t
d e g a s s ­ 2.3 62 I ▼ ! l i n e  d r a w n  t h r o u g h
i n g
B I S R A .
( I Z O )
’ 1 Ip o i n t s )  ( 3 0  h e a t s )
X / L d i j ^  O . x j i i e c x  u i  l e a i e  D egass in g  o n  -pne oxygen a n a  
n i t r o g e n  c o n te n t s  of* 1 o w a. 1.1 oy s t e e l s ,




Oxygen c o n te n t  
(ppm)
N itro gen  
: c o n te n t  (.ppm)
0.26G, , 3 S i ,  
. 8 Lin, .5C r,
> Doable s la g  
p r a c t i c e .
1i
O-d"1upCM 60-110  !
vacaam d e g a ssed . 15-30 30-60  !i
1 , OC, , p S i ,
, h i m T l.O C r.
Doable s la g  
p r a c t i c e . 18-28
}
60 -110  |
1
Vac a am d eg a ssed . 8 -16 30-70  |
... ______ 1
TABLE 9 . A n a ly s is  o f  ir o n  b a s e .
SUPPLIER.
j • “ T------------------
a !• s i  1 Mil
! 1
s  j P
t
7\T,-Nl





.005 ' i t si$
.008
G. SENIOR ! 
LTD. ,018 1.010! .01+5 
! !
!
.009  .001 .001
Cr Mo
n i l  | n i l
i '
.01  .0 1  10 .50
K(ral/100g) 0('7o
0 ,6 8  10,1.1 
ii iI n  o  7 j J
TABLE 10 C om position  ol* c r a c i b l e s .
Manaf ac ta re  r s 
Code Name.
.S i0 2 ^ 5 i.igO Pe2 03 CaO Ti°2 Loss . H ygroscop ic  w a te r ,
S i l i c a 91.57 4 .0 1 2.57 0.085 n .D, 0,03 N.D. N.D.
M 55.80 kl'k-5 0.22 1 .1 4 0.10 0.13 0 .0 5 0 . 0 5
P 36.80 61,20 0 ,07 0 .5 7 0.30 1.20 0 .1 0 0 . 0 5
HS 6 .8 0 9 2 .5 N.D. 0.29 li. D. N.D. N.D. N.D.
MAG 8 .0 0 0 .3 3 89,10 0.29 N.Dr!
ii
N.D. 0 ,0 5 0 .1 0
N,D, = N o t  D e t e r m i n e d








j From m o lo ch ite  j 1320
j powder, p r e -  j
1 c a lc in e d  a t  \
1800°C. j
| From s i l l i -  
m in ite  powder, 
j p r e c a lc in e d  a t  
! 1800°C.
j From alum ina, 





j From p e r i c l s s e ,  i 1300 
j fu s e d  a t  3000°C ,j  
j c a s t  and r e -  j 
j ground. j
PHASES PRESENT..
N u l l ! t e  g r a i n s , 
s i l i c a  g l a s s  + 
t r a c e  6 q u a r t z ,
i M u ll i t e  g r a in s ,  
j sm a ll  amount o f  
I s i l i c a  g l a s s ’ *
J t r a c e  jg q u a r tz .
i
| Corundum + v e ry  
i f a i n t  t r a c e  €C 
• q u a r tz .
!
i '
! P e r i c l a s e  + 
j f a i n t  t r a c e  o f  ; 
! f o r s t e r i t e .
TABLE 1 2 . P h y s ic a l  p r o p e r t i e s  o f  c r u c i b l e s
C ru cib le  j 
1
A p p .P o ro s ity
if
a  1I
3 0 .1 k
P 1{








Pe rme ah i  1 i  t  y  (. c c /
C i  r c umf e r -  - r a n s ve r
e n t i a l  a i r  a i r  f lo w
f lo w .
1 .8 5 0.0511- { 0 .0 3 7
2 .2 8 0 .0 1 5
i
| 0 .0 1 7
j
2 .6 8 0 .1 1 6 j 0 .0 7 9
2.11-5 0.051+
i
j 0 .0 3 6
TABLE 13, The n ex t  30 pages g iv e  d e t a i l s  o f  the  
e x p e r im en ta l  method used and a n a l y t i c a l  
r e s u l t s  o b ta in ed  on the 51b la b o r a to r y  he
■jjub'h-i w liiwi i'in i ini iriwriTnrrrirnii—n-mnirwr
M e l t  1 9 P r e s s u r e  7 6 0  huii C r u c i b l e
8fo S i O  
9 0 $  M g O
G a s  S a m p l e sM e t a l  S a m p l e s  
A n a l y s i s  $  b y  w e i g h t A n a l y s i s
A V . T .
86.96;0.0126
0.0152
0 . 0 0 9 9
0 . 1 4 0 0 . 0 0 5
0 . 0 0 5 0 . 5 3 5
0 . 4 0 5
0 . 4 0 0
0 . 4 0 5
0 . 4 3 0
16.000 . 1 2 7
1 9 . 3 50 . 1 2 3
2 0 . 2 50 . 0 1 4 8
0 . 0 3 3 6
0 . 1 1 5
0 . 1 1 7
88 ,00Bfi
8 4 . 0 0  |  
8 0 . 6 5  |  
7 9 . 7 5  |  
9 1 . 4 0  I;
M e l t  1 8 P r e s s u r e  76 mm C r u c i b l e
8 fo S i O  7 2 
9 0 $  M g O
M e t a l  S a m p l e s  










mi 1 in  m n r T T > r r ~ ~ r  ■'
0.111
0 . 0 9 5
0 . 0 8 6
0 . 0 7 4
0.056
0 . 0 4 9
0 . 0 4 0
G a s  S a m p l e s  
A n a l y s i s
S i
0.010
0 . 0 2 5
0 . 0 3 0
0 . 0 3 5
0.050
0 . 0 4 9
0 . 0 4 0
0 A  V . T .  l i t r e s
0 . 0 0 2 4  
0.0032 
0 . 0 0 2 5  
0 . 0 0 2 5  
0 . 0 0 2 4
0 . 0 0 3 7
0 . 0 0 4 0
0 . 0 0 3 7
. 7 0 0
. 6 3 3
. 5 9 7
. 4 9 5
.^95
. 4 3 0
. 4 2 5









1 . 0 9








1 9 . 7 8
2 6 . 7
2 5 . 3 8
2 8 . 7 5
2 7 . 4 0
28.36
3 5 . 7 1
3 6 . 2 5
7 3 . 6
6 2 . 4
6 4 . 1
68.1 
6 5 . 7 5  
7 0 . 1 5  
5 7 . 1 0  
5 5 . 9 0
8fo S i O  
C r u c i b l e  ^
9 0 $  M g O
P r e s s u r e  3  mmM e l t  7 o
M e t a l  S a m p l e s  
A n a l y s i s  $  b y  w e i g h t
G a s  S a m p l e s  
A n a l y s i s
A  V . T .  
l i t r e s
A t  CO
0 . 0 8 0 0.012
0 . 0 5 5 0 . 0 0 1 3




0 . 0 0 2 5
0.0030
0.0032
1 . 2 0 5
0 . 0 4 0 0 . 0 7 5 0 . 8 0 5
0 . 4 8 00 . 0 4 0 0 . 0 8 0
0 . 0 3 5 0 . 0 8 9 0 . 3 0 5
170 00 . 0 8 40.030 0.210
0.130 21.00.030 0 . 1 0 5
0 . 0 8 4 0 . 1 0 50.020
0 . 0 9 50 . 0 3 5 0 . 0 7 7
0 . 0 6 00 . 0 4 0 0.070
M e l t  8 2 P r e s s u r e  7 6 0  mm C r u c i b l e
Sfo S i 0 2  
9056 M g O
M e t a l  S a m p l e s  
A n a l y s i s  $  *Y  w e i g h t
'SBBSS iOEfOSSSSWOBBazreBBRe
A V . T .  











0 . 9 1
1 . 0 3
1 . 0 1 5
0 . 9 6 5
0 . 9 8 5
0.980
0 . 9 7 0
0 . 9 4 5
0 . 9 4 0
0 . 0 4 0
0 . 0 2 5
0.020
0 . 0 4 5
0 . 0 5 5
0 . 0 4 0
0.050
0 . 0 5 5
0 . 0 2 5
0 . 0 0 2 4
0.0012
0 . 0 0 2 5
0 . 0 0 1 8
0 . 0 0 2 4
0.0020
0 . 0 0 2 3
0.0020
0 . 0 0 1 9
T*
G a s  S a m p l e s  
A n a l y s i s
- 3 1
0 . 8 0 0 7 6
0 . 5 4 0 1 6 1
0 . 4 4 0 1 9 1
0 . 3 8 0 2 2 1
0 . 3 8 0  - 2 4 1
7 . 3 2  
1 1 . 6 7
2 0 . 3 3
2 7 . 8 4
2 8 . 4 4
31.08
92.68 
8 8 . 3 3  
7 9 . 6 7  |  
72.16
7 1 . 5 6  I  
68.92
. . . . . . . .—mu.. . . . . . . . . . . . . . . . . . . .  i i f  mi mi ■run....... .  rfrimnrrnrim— t-t-i- - - - - - - - - - - - - - - - - - - - - - - - - —
8fo S i O (
M e l t  3 7  P r e s s u r e  7 6  nini C r u c i b l e




M e t a l  S a m p l e s  
A n a l y s i s  $  ^ 7  w e i g h t
G a s  S a m p l e s  
A n a l y s i s
isujensiEuRj 1;*
A t C S i 0
A  V . T , .  
l i t r e s
A t c ° 2 H 2 ° H 2
fi
co p
nr —r'lTiTi--- 1. . . . . . . . . .Tim'JM
0 0 . 7 8 0 0 . 0 7 5 - - - 0 0 4 . 3 2 9 3 - 7 3
4 2 0 . 7 1 6 0 . 1 2 5 0.0073 2 . 8 5 5 2 5 0 0 0 9 4 . 6 4
7 1 0 . 6 6 8 0 . 1 5 0 0.0052 1 . 4 5 7 5 5 0 0 3 . 3 9 96.61 |
1 0 8 0 . 5 1 4 0 . 1 7 5 0.0054 2 . 5 0 8 8 5 0 0 3 . 0 0 9 9 . 1 7  |
1 4 0 — — - 2.050 1 2 5 0 0 4 . 9 6 9 5 . 0 4  |
1 7 0 0 . 4 5 6 0 . 1 9 5 0.0057 0 . 6 0 0 1 5 0 0 0 7 . 2 0 91.20  I
2 0 0 0 . 4 5 6 0 . 2 1 0 . 0 0 2 1 0 . 6 5 5 1 8 5 0 0 7 ;  2 1 9 2 . 7 3
2 3 3 0 . 4 2 0 0 . 2 1 0 . 0 0 1 8 1 . 1 0 0 2 1 0 0 0 7 . 3 8 9 1 . 8 0  i
266 0 . 4 4 8 0 . 2 2 0 . 0 0 0 8 0 . 5 4 3 2 4 5 0 0 -
2 9 3 0 . 4 4 8 0 . 2 2 0.0016 0 . 3 8 2 |
i
C&nESSGSKSiE aangBjaaaggraani n«EBBnBgf>maai aanggaJ nsBManRXMEa ... . . . . . . . . . . j
■!! | in  ■ I . . »««>I — .m i'.................ig3cggMgs«ag«Biag»arig»roamgaMowa5SVgg,;ggalCTa3;aggg3MlaaBWgg3ta(fcaMtyAAU^
8 %  S i O Q 1rL §
M e t a l  S a m p l e s  f
A n a l y s i s  $  b y  w e i g h t  j
H'liM 1 t  j i i i i ni111 iiiir*Trjmir*»aa-g* '^.ili'],'-wiviti»','”l*'lwr'T^ rw*' '^^~',CTJ:j:lltrfar’I1,gpri^ *tii“-qj;Ti















t r h r m m r w im r  ■■■iiilTim
A V . T .  
l i t r e s
2 . . 5 8 0  
1 . 7 7 0  
1 . 2 + 8 0  
1 .3 0 0  
1 .1 2 0  
1 .2 1 0  
1 .0 7 0  
1 .0 6 0  












C r u c i b l e
G a s  S a m p l e s  































M e l t 6 4 P r e s s u r e  76O mm*
1
M e t a l  S a m p l e s  
A n a l y s i s  $  b y  w e i g h t
s io 2
C r u c i b l e  93$  A l g O ^
G a s  S a m p l e s  
A n a l y s i s
*3
A V . T .  
l i t r e s
0.11 0 . 0 1 8
0 . 0 1 7
0.0190 90.10
0.0209
O . O I 96
0.215 10.12 87.25 S
0.11 0 . 0 1 8
0.020
0.210
0 . 1 8 8
1 5 . 8 7
1 5 . 9 8
81.50 |
0.12 0.0214
0 . 0 1 7 8
0.115 0.020 0 . 0 2 1 9
0.0264
17.22 7 9 . 0 0
O . I 67
O . O 63
0.087
0.138
0 . 0 1 8
0 . 0 1 5
0.017
0.0207
0 . 0 2 2 8
0.0212
7 7 . 0 0
7 3 . 6 0
23 . 0 0
25 . 0 00.115
2 5 . 4 5  72.20
M e l t  6 6 P r e s s u r e  76 m m . C r u c i b l e
T/o S i 0 2  I


























0 . 0 3
0 . 0 5 5
0.070
0 . 0 8 0
0.090
0 . 0 9 5
0.100
0 . 0 9 5
0 . 0 9 5
0.100















M e t a l  S a m p l e s  
A n a l y s i s  $  W  w e i g h t
M'Wf mTl'iTMMTTI WTfim~n~mflll 1
A V . T .  
l i t r e s
1 . 5 5 6
0.804
0.582











G a s  S a m p l e s  
A n a l y s i s
C02
1 . 3 8
0
«w«sagJLaHa nMaHs asoiassm lmzsassaBasi isRas&is&asji





3 5 . 1 8
4 1 . 5 6





7/fc S i O
C r u c i b l eP r e s s u r e  3  nunM e l t  7 1 93? A120
G a s  S a m p l e s  
A n a t y s i s
=*sg
M e t a l  S a m p l e s
A n a l y s i s  j° h y  w e i g h t
^SKgSSiBaGanSSSGto^BB
A V . T .  
l i t r e s
0 . 0 0 4 8
0 . 0 0 1 7
0 . 0 3 5
0 . 0 5 0
0 . 0 7 0
0.060
0 . 0 7 0
0 . 0 7 5
0 . 0 8 0
0 . 0 8 0
0 . 0 8 5
0 . 0 8 0
0 . 0 9 5
0.062
0.052
0 . 0 5 3
0 . 0 4 0
0 . 0 3 5
0.032
0.030
0 . 0 3 0
0 . 0 3 0
7 5 . 1 6  |2 4 . 8 41 . 2 8 0
7 5 . 0 4  p
63. 4^8=!0 . 0 0 0 4
0 . 0 0 0 6
0 . 0 0 0 9
0 . 0 0 0 8
0 . 0 0 0 7
0.0010
5 9 . 1 9  I4 0 . 8 121 3  00.250
0 . 1 8 5
0 . 1 3 5
0 . 0 7 5
0 . 0 5 0
iwTjB-urf r^Fsgn Jraray^iw:.''w&magM«aagg^
M e l t  6 3 P r e s s u r e  7 6 0  mm
7$ SiO  ^
C r u c i b l e  9 3 5 j  4 ^ 0
M e t a l  S a m p l e s  
A n a l y s i s  $  h y  w e i g h t
WU w — r jM l ■'»' umii.uui; . .-r. u  w « w w ii» a » a
A t












BOsnvnrassBBF infill ITITHTI r T I I || HTTTT'T~Tn ir  ll ll I r T TTPff TUT ill III III 11|, 11 I '■  ^■ I
1 . 0 5 5
1 . 0 1 5
1.00
0.960
0 . 9 9 0
0.980
0 . 9 6 5
0 . 9 7 0
S i
0.02
0 . 0 3 4
0 . 0 4 1
0 . 0 5 0
0 . 0 6 5
0.060
0 . 0 7 5
0 . 0 7 0
0 . 0 7 0
0 . 0 8 0
G a s  S a m p l e s  
A n a l y s i s
A  V . T .  
l i t r e s
A t CO,
0 . 0 0 2 8
0.0020
0 . 0 0 0 9
0.0021
0 . 0 0 1 5
0 . 0 0 1 9
0 . 0 0 4
0.002
0 . 9 0 0
0 . 5 5 0
0 . 3 9 0
0.300
0.260
0 . 2 4 0
0 . 2 4 0
0 . 2 4 0









h 20 h ,
4 . 8 9
5.68
7 . 6 9
7 . 7 8
1 0 . 4 7
1 0 . 4 7
1 3 . 2 4






9 5 . 1 1  I  
9 4 . 3 2  I  
9 2 . 3 1  I  
1
92.22 I
8 9 . 5 3  1
8 9 . 5 3  I  
8 6 . 7 6  
8 4 . 3 7
I
M e l t  8 4
M e t a l  S a m p l e s  




7 $  S i O ,
P r e s s u r e  7 6  mm C r u c i b l e
G a s  S a m p l e s  
A n a l y s i s
A V . T .  
l i t r e s
•SRCbBUNK I
9 1 . 0 9  |0.012
8 8 . 8 11 1 . 1 9
2 0 . 4 6
7 4 . 3 80 . 0 1 4 0.870
0 . 7 5 0
0.610
0 . 4 1 0
0.510
0.610
0 . 5 4 00 . 0 0 4 3
SCT5S3ffaaSE
0 - -
3 0 0 . 9 6 0 . 0 6 5
6 0 0.92 0 . 1 1
9 0 0 . 8 9 0 . 1 2 5
1 2 0 0 . 9 0 0 . 1 3
1 5 0 - -
1 8 0 0 . 8 4 0 . 1 4
2 1 0 0 . 8 4 0 . 1 5
2 4 0 0 . 8 2 5 0 . 1 6
2 7 0 — —
rtfftfrrTre&mii r^iasBa
M e l t  88 P r e s s u r e  3 m m
M e t a l  S a m p l e s  











A V .T .  
l i t r e s
1-750
1« 320
1 .0 7 0
0 .9 5 0
0 .7 2 0
0 .6 5 0
0 .6 6 0
0 .6 3 0













C r u c i b l e  9 3 ^  A l ^ O ^  |
■ W IW I I ■ II 1 HIM 1 11 ■ I 1   in' 1 ~i~'n--- *----------  ~|j
G a s  S a m p l e s  |

















1 .5 6  9 6 .8 8 f
1 .7 0  
0 
0
9 7.1+6 g 
100 8 
100 1
0 .8 6 99*11+1
2 .5 0 97 .5 0 1
2.1+8 9 7 .5 2 |
2 .9 9 9 7 . 0 l |
2 .7 8 97*22ji
U j-5 9 8 .55 1
2.3-3 9 7 .6 7 1
2 .1 9 '97 .81  j
3 7 fo S i O
C r u c i b l e  fa d  _/n 0P r e s s u r e  nf.M e l t  57
G a s  S a m p l e s  
A n a l y s i s
M e t a j .  S a m p l e s  
A n a l y s i s "  $  *>y w e i g h t
A V . T .  
l i t r e s
2 . 7 9  0 . 5 6 91.60 
90.80 r
0 . 1 1 5 0.020
0 . 0 2 5
0 . 0 2 5
0 . 0 2 5
0.020
0 . 0 2 5
0.030
0.030
0 . 0 4 0
0 . 0 4 0
0 . 0 2 8 2
0 . 0 2 0 5
0 . 0 1 9 5
0 . 0 2 2 7
0.0216
0.0230
0 . 0 2 4 8
0 . 0 2 2 5
0 . 0 2 6 7
0.0256
0 . 1 0 5
0.1260 . 1 0 3 8 9 . 2 0  fj
8 8 . 5 0  |0 . 0 8 60 . 1 0 5
0 . 1 0 5 0.022 1 0 . 4 2 8 8 . 8 0  
85.00 
83.88 a
0 . 1 0 4 0.038 1 2 . 9 0
0 . 1 0 5
0 . 1 0 5 0.058
0 . 1 0 4 0 . 0 4 4 8 1 . 7 715.88
0 . 0 4 60 . 1 0 5
|-m 7  » » T m r»«i »'
M e l t  6 1 P r e s s u r e  76 mm C r u c i b l e
sSBC&saaoBR
M e t a l  S a m p l e s  












0 . 0 6 5
0.050
0.050
0 . 0 4 5
0 . 0 4 0
0 . 0 4 0
0 . 0 4 0
0 . 0 4 5
0 . 0 4 0
0 . 0 4 0
A V . T .  
l i t r e s
3 7 *  S i 0 2 
a i 203
Wifw DiM’aam w rg^
0 . 0 5 5
0.060
0 . 0 7 5
0 . 0 7 5
0 . 0 7 5
0 . 0 8 0
0 . 0 7 5
0 . 0 7 5
0 . 0 8 5
0 . 0 8 5
0.0096
0.0102
0 . 0 0 6 7
0 . 0 0 9 3
0 . 0 0 4 2
0.0092
0 . 0 1 2 3
0.0092
0 . 0 1 2 3
0 . 0 0 4 4
0 . 0 0 8 3
0 . 0 0 9 2
0.0096
0 . 0 0 9 7
0.0112
0 . 0 1 0 5
0 . 0 1 2 4
0 . 0 1 2 5
G a s  S a m p l e s






















•- ■mmi'jwtiaw raaS£3BSX0S23fc BaUKTViaU^I
1 0 . 0 5
1 3 . 7 8  
23.26
2 2 . 7 9
32.00
3 2 . 4 7
3 8 . 6 7
4 3 . 0 1
4 5 . 1 2
8 9 . 9 5
86.22 
7 6 . 7 4  
7 7 . 2 1
68.00  
6 7 . 5 3
6 1 . 3 3
5 6 . 9 9  
5 4 . 8 8  I
agyarrwroafsfccggsj
37/S Si02
C r u c i b l e  6l>-S A 1 9 0 „P r e s s u r e  3 rmnM e l t  7 9
G a s  S a m p l e s  
A n a l y s i s
M e t a l  S a m p l e s  
A n a l y s i s "  1° b y  w e i g h t
A V . T .  
l i t r e s
0.0840.10
1.230
1.0200 . 1 4 50 . 0 4 5
0.160 0 .820
0.650O . O O 64
0.0022
0.1900.020120
0 .2100 . 1 8 5150
0.165 0 .1000 . 0 0 4 4
0 . 0 0 4 5
0 . 0 1 5180
0 . 0 9 50 .010210
0.0600.160 0 . 0 0 5 5
0.0061
0 .010
0 . 0 7 50 . 0 0 5 40.1500.010270
, azraeas&arj wawsws.
rSK85EM«£
M e l t  6 7
M e t a l  S a m p l e s  








































P r e s s u r e  7 6 0
A V . T .  
l i t r e s





























C r u c i b l e
3 7 ?  S i 0 2  |
61?. A l 0  |
* ->  |)
8
G a s  S a m p l e s  
A n a l y s i s


















M e l t  6 8
M e t a l  S a m p l e s  
A n a l y s i s  1° "by w e i g h t
P r e s s u r e  7 6













0 . 8 9
0 . 8 3 5
0 . 8 2 0
0 . 7 2 5
0 . 7 9 0




0 . 0 7
0 . 1 8
0 . 1 9
0 . 2 3
0 . 2 5
0 . 2 9 5
0 . 2 8 5
0 . 3 2 5
0 . 3 5 5
0 . 0 0 0 9 5
0 . 0 0 1 2 5
0 . 0 0 5 9
0 . 0 0 0 6 4
0.00068
0 . 0 0 0 8 8
0.00076
0.00063
C r u c i b l e
G a s  S a m p l e s  
A n a l y s i s
yi1° siOg 
6 1 $  A 1 2 0 3
K*f:
A V . T .  A t  
l i t r e s
Lcammmn»»gft
2 . 5 8 7
1.900
1 . 4 9 8
1 . 3 5 0
0.720
0 . 8 2 0
0.650
0 . 8 7 5
0 . 7 5 5
CO,
oraRaepETscss's
0 . 5 5











4 . 4 2
3 . 7 1
2 . 5 0
1 0 . 4 5
6 . 4 0
CO
9 5 . 0 3
9 5 . 7 2
9 7 . 5 0  I
8 9 . 5 5  II
9 3 . 6 0  g
2$aBOK3ffi53£3^
M e l t  '<_■ / P r e s s u r e nm
3 7 ? s  3 i 0 ,
c
C r u c i b l e  A i  n -
t-  ^
M e t a l  S a m p l e s  
A n a l y s i s  $  b y  w e i g h t
G a s  S a m p l e s  1




1 2 .8 0 j S 7 # 2 0 |  
1 5 .1 3 | 6U .571  
21.1*3 7 8 .5 7  I 
1 0 ,2 6  P S .?>* I
A V . T
l i t r e s
2 . 3 9 0
1 .9 6 0
1 .5 0 0
1 .3 7 0
1 .3 3 0
1 .1 * 7 5
6 6 .0 7  c1 . 2 6 5
1.1*60 1 2 ,5 0
1 5 . O i l1 .1 6 0
mBBtsra$sassKSi33mm:cEax'a$7eBi^ !^ ivuj^ Mwiw*\»a^gg!TOaBMB«gMgBaggea
/M e l t  4 9 P r e s s u r e  7 6 0  nun C r u c i b l e
5 6 ^  S i O f
hyjc  a i 9 od J>
M e t a l  S a m p l e s  
A n a l y s i s  1° b y  w e i g h t
J A V i/s s s » u ! s : s iJ S S ^ S L rja.
A t C S i
1 °
A  V . T .
im w n 'iH Z P in a ia
| l i t r e s
0 0 . 1 3 2 0 . 0 4 - -
3 0 0 . 1 3 4 0 . 0 4 0 . 0 1 7 9 0 . 1 9 0 0
6 0 0 . 1 2 6 0 . 0 5 5 0 . 0 1 9 0 0 . 1 8 0 0
9 0 0 . 1 2 2 0 . 0 6 0 0 . 0 1 9 4 0 . 1 5 5 0
1 2 0 0 . 1 1 8 0 . 0 6 5 0.0172 0.1050
1 5 0 0 . 1 2 2 0 . 0 5 5 0 . 0 1 7 1 0 . 0 6 5 0
1 8 0 0 . 1 2 0 0 . 0 6 0 0 . 0 1 6 0 0 . 0 5 5 0
2 1 0 0 . 1 2 1 0 . 0 5 5 0 . 0 1 8 0 0 . 0 5 5 0
2 4 0 0 . 1 1 8 0 . 0 5 5 0 . 0 1 7 1 0 . 0 5 0 0
270 0 . 1 1 8 0 . 0 6 5 0 . 0 1 8 2 0 . 0 5 0 0
300 0 . 1 1 7 0 . 0 6 0 0 . 0 2 0 9 0.0500
A t
G a s  S a m p l e s  p.












1 . 5 8
1 . 6 5
1 . 3 3
1.7^
1 . 2 8
1.20
1 . 3 2
1 . 2 5
1 . 8 5














2 . 8 7
3 . 8 1
2 . 6 7
4 . 9 8
6 . 0 3  
6.02 
5 . 9 6  
6 . 2 5  
6 . 2 9
7 . 0 3
9 5 . 5 5  |  




9 2 . 7 8  I  
92.72  I  
92.50  I




Melt 45 Pressure 76 mm* „  5 & / i  S i 0 oC r u c i b l e  4 3 J j
M e t a l  S a m p l e s  
A n a l y s i s  f> b y  w e i g h t
G a s  S a m p l e s  




0 . 0 0 8 1
0 . 0 0 8 7
0 . 0 1 5 7
0.0106
5 . 0 7 50.058
1.1050 . 0 2 9 0.12
0 . 5 1 00.022 0 . 1 2 5
0.1500.021
0 . 0 80 . 1 5 50.019
0.0060 . 1 5 5
M e l t  8 6 C r u c i b l eP r e s s u r e  3  nun
G a s  S a m p l e s  
A n a l y s i s
M e t a l  S a m p l e s  
A n a l y s i s  b y  w e i g h t
l i t r e s
0 100 
0 100 6
0 ,8 1 0  
0 .IU10 
0 .2 0 0  





M e t a l  S a m p l e s  














0 . 9 5 5
0 . 9 2 3
0 . 8 5 5
0 . 8 5 5
0.850
0 . 7 9 5
0 . 7 9 5
0 . 7 2 5
0 . 7 3 5
0 . 7 1 0
0 . 6 8 5
S i
0 . 0 9 5
0 . 1 3 5
0 . 1 8 0
0 . 1 8 0
0 . 2 0 5
0.230
0 . 2 3 5
0.250
0.250
0 . 2 6 5
0 . 2 8 0
Pressure 760
A V . T .  
l i t r e s
Crucible
56$ SiO2
4 3 1o A l o 0 ,
0 . 0 0 2 5
0 . 0 0 2 7
0 . 0 0 2 7
0 . 0 0 2 5
0 . 0 0 2 5
0 . 0 0 1 9
0 . 0 0 1 9
0.0016
0 . 0 0 2 9
G a s  S a m p l e s  
A n a l y s i s




5 ^  SiO,
Melt 44 P r e s s u r e  76 nun. C r u c i b l e  4 3 / ^  A l o 02  3
M e t a l  S a m p l e s  














0 . 7 5 0
0.780
0 . 7 4 5
0 . 7 2 4
0 . 7 0 5
0.662
0.670
0 . 6 4 5
S i
O . I O 3
0.170
0.210
0 . 2 8 5
0 . 3 3 0
0 . 3 7 0
0.380









G a s  S a m p l e s  
A n a l y s i s
3»aE«KgfflXff«a«aaMsrr3afg:
A V . T .  
l i t r e s
A t E2°
qmuug ustx\aeasazg^ cK^ 'srwsaauiaaoic
3 . 9 7 0
2.740
2 . 1 7 5
I .630
0.890
0 . 6 8 0




Melt 89 Pressure 3 iam
5 6 %  S i 0 9  
C r u c i b l e  1, Tv \ nL \ ~' , "3 '
M e t a l  S a m p l e s  
A n a l y s i s  $  h y  w e i g h t
G a s  S a m p l e s  
A n a l y s i s
A V . T .
1 -» TTPS
gggatMBMiaMaaBW
9o«18|3 . 7 5 0
3 . 7 0 0
3 . 5 5 0
3 . 3 0 0
2 . 9 5 0
2 .6 0 0
2 .2 5 0
2 .1 5 0
2 .1 5 0
i\ mu;— n !■■ m *~ \ w rr1 nm ~i Tnnnr i ri inir t^frn~tiriftTiii1irTn~~fTTirii h t t t  in mi rri nr -ymT-TrrT*"
Melt 99 Pressure 7oO mrn. Crucible SiO
Metal Samples 











0 .9 3 5
0 .8 6 0
0 .7 9
0 .7 0 5  
0 , 60 
0 .5 9  
0 .5 0
Si
0 .1 0 5
0 .1 6 0
0 .2 ?
0 .3 6  
0 .0  2 
0 .5 0  
0 . 5 k
0
0 .0 1 7 6
0 .0 1 7 6
0 .0 2 0 0
0 .0 1 8 7
0,016/4
0 .0 0 0 8










l itr e s
2 .6 0 0
1 .9 8 0
2 .3 2 0
2 .7 0 0
2 .7 5 0
1 .6 0 0














M e l t  1 0 0 P r e s s u r e  1 4 0  m m  C r u c i b l e  92yb S ± 0 9
M e t a l  S a m p l e s  
A n a l y s i s  % *>y v e i g h t
G a s  S a m p l e s  
A n a l y s i s
A t
1
C |  S i
1 A  V  T  0  iI l i t r e s
A t C ° 2 H 2 °
3BHR1MKS9
0
twtf MM**! rs vu r,
5 0 0
5 0 0 . 5 5 0 . 5 9 0 . 0 0 3 5 1 2 . 7 3 0 2 5 0 0
8 0 o . k k 0 . 8 1 0 . 0 1 0 3 5 * 2 0 0 9 5 0 0
1 1 0 0 .  3 h 0 . 8 2 0 . 0 0 2 1 1 * 3 6 0 1 2 5 0 0
1 4 0 0 . 2 8 0 . 9 1 C . 0 0 2 6 2 . 7 6 0 1 5 5 0 0
1 7 0 0 . 2 3 0 . 9 5 0 . 0 0 4 8 1 . 9 0 0 1 8  5 0 0
0 .0 0 4 9
2 0 0 0 , 1 8 0 . 9 6 0 . 0 0 7 4 1 . 9 9 0 2 2 0 0 0
0 . 0 0 7 7
2 3 0 O % M 10 0 . 9 7 0 .0 0 4 1 1 . 6 4 0 2 5 0 0 0
2 6 0 0 . 0 9 1 . 0 2 1 . 2 7 3
-







5 . 8 8  
7 . 8 7  




9 6 .3 3 1 
9 5 . 0 0  |  
9 4 .1 2 1
9 2 . 1 3  8
I
9 1 . 4 9  8
rr»-.«r^^Ea7g«^rT^^TrT f^f^T<^yrrr_rrj’i rTgj  ^i ■'Ai>^ Z^CTT^g^^g-^xritr«ry-^gC«L^X3fl>F-iJ^^ ^V 'fW I^«S i^^ f^ UL<j^ ya«>f,.arg-I?.Jg!iy^
M e l t  109
M e t a l  S a m p l e s  
A n a l y s i s  $  *>y w e i g h t











P r e s s u r e 3 IiliTl 
1
C r u c i b l e  $ 2 %  S i O ,
r n ’D r t m u m  a i in win
A V . T .  
l i t r e s
JSBfiSSBKBSfeS
— 0 0
3 .3 7 0 30 0
1 ,1 0 0 60 0
0 .1 6 0
0 .2 1 0
0 .0 5 0
0 .0 2 5
s+tsw^}-iTvmi*o**v3S^ ^
G a s  S a m p l e j  
A n a l y s i s
1'
2 »: AgMiraw ’attarac~t^BJ8za3ayv«aavj*e!
0 0 
0 1 .2 0
0 k .5 0
sgtBgageaLLagaaajagaLagaa^ ’ffiBsssasmanrTHi
9 8 c 8 0
zazzxxsd
Melt 101 Pressure 760 mm Crucible 9 2% SiO,
M e t a l  S a m p l e s  
A n a l y s i s  /» b y  w e i g h t
At c Si 0
mumuunv
0 o • i_j 0 .0 3 2 0.0238-
30 0 .1 3 o . 05.5 0 ,0 2 0 8
60 0 .1 2 5 0 .0 5 5 0 .0 1 6 9
0 .0 1 7 3
90 0 .1 1 5 0 .0 6 0 0 .0 1 3 ^
120 0 .1 0 5 0 .0 6 1 0 . 01b'-}. 
0 .0 1 6 8
150 0 .0 8 9 0 .0 7 b riD
180 0 .1 1 0 0 .0 7 9 0 .0 2 0 5
210 0 .1 0 0 ,0 8 1 0 .0 2 3 0
0 .0 2 5 0
28-0 0 .0 8 0 .1 0 0 .0 2 9 7




G a s  S a m p l e s
A  V . T .  
l i t r e s
0 .5 1 5
0 ,3 8 0
0 , 3 3 0
0 . 1 8 5
0 . 1 8 5
0 , 2 3 5





O . k h O  1 3 0 5  
0 . 2 7 0  1 5 0
190
220
2 5 0 ;
Analysis
C0o 7 12 2
if -Bf1 HfcJ"? E
2 .2 0 0
2 .2 5 0






9 ' I - 5 0 0
1 3 .0 0
1 9 .0 0
1 9 . 4 0
2 1 ,9 8
2 3 .2 6
2 2 . 7 3
8 8 . 6 5 1
8 5 .0 0
£ 1 .0 0 |  
8 0 . 6 0 1
7 8 .0 2
7 6 . 7 4
7 7 . 2 7 !
£
SOflifflCE«£l3S4aSB2Hm$WeC &
M e l t  1 0 6 P r e s s u r e  l i |0  mm C r u c i b l e  92^0 SiO,
-p-
M e t a l  S a m p l e s  
A n a l y s i s  b y  w e i g h t
G a s  S a m p l e s  
A n a l y s i s
A V . T .  
l i t r e s
0 . 1U 0 .0 0 bb 
0 .0 0 3 2  
0 . 7 2 2  
O.OlixLj 




3 . 0 5 0  
1 ,2 6 0
1 .0 5 0
0 .1 0 2 0 .2 0
0 . 0 8 U 0 .2 1
0 . 0 b 3
0 . 0 5 3
0 .2 b 0 . 6 3 50 . 0 3 3
0 . 1 * 2 5
aaasss
nrm m i um» m j ^ - ^ 'C^ -rr«gg»>J0CCTOvreiiiB»Jg^ sgiJCS»g'CJXJlP,jaj-3gZT>iTJg?aTL';
C r u c i b l e  9 2 ’jo S i OP r e s s u r e  3  21m
G a s  S a m p l e s  
A n a l y s i s
M e t a l  S a m p l e s  
A n a l y s i s  1° ^ w e i g h t
ig£3sa^*afMMB>K!xititsx2!;\
A  V . T .  
l i t r e s
10010
20
TABLE 1U. The n ext 30 p ages g i v e .d e t a i l s  o f  the oxygen  
b a la n c e s  c a r r ie d  c a t  on the 51b la b o r a to r y  
h e a t s .  Wherever p o s s ib le  the b a lan ce  h as been  
c a r r ie d  o a t .u s in g  the r e s a l t s  o f  m eta l 
sam ples b a t i f  th e se  have n ot been  a v a i la b le  
gas a n a ly s is  p lu s  f lo w  measurement has been  
used .
| M e t a l  S a m p l e s  
| G r a p h i c a l  
! D e r i v a t i o n s  
| N . T . P .  F a c t o r
1 0 . 9 1?... -.. -
|  M e l t  
j P r e s s u r e  
j C r u c i b l e
___ 1.. . . . . . . . . . .. . . . . . .
1 9
7 6 0  m . m .  
8% S i 0 o  
9 0%  M g O "
I n i t i a l  ft 0 =  0 . 1 4 0 0  
I n i t i a l  $  S i * =  0 . 0 0 5  
I n i t i a l  0 =  0 . 0 1 2 4
A t  ' 
j m i n
M a s s
p i s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  
N . T . P .
| 4 0 2 2 1 3 0 . 0 0 7 2 0 0 0 . 4 8 6 7 0 . 2 9 7 4 0 . 1 8 9 3
! 7 0 2 1 7 8 0 . 0 0 5 5 0 0 0 . 3 6 8 6 0 . 2 2 3 7 0 . 1 4 4 9
1 0 0 2 1 4 3 0 . 0 0 4 3 0 0 0 . 3 6 4 0 0 . 1 7 2 1 0 . 1 9 1 9
1 3 0 2 1 0 8 0 . 0 0 3 3 0 0 0 . 3 6 8 6 0 . 1 2 9 9 0 . 2 3 8 7










0 . 0 0 6 1 1
0 . 0 0 4 7 5
0 . 0 0 6 3 9
0 . 0 0 8 0 9
0.01001
AO








0 . 0 0 9 5 8
0 . 0 0 7 3 2
0 . 0 0 5 7 2
0 . 0 0 4 3 9




0 . 0 1 0 3 6
0 . 0 1 7 2 5
0 . 0 2 5 3 4
0 . 0 3 5 3 4
< A 0






0 . 0 0 9 5 8  |
0 . 0 1 6 9 0  
0 . 0 2 2 6 2  
0 . 0 2 7 0 1  
0 . 0 3 0 4 7
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P .  F a c t o r ^  
0 . 9 1
M e l t
P r e s s u r e
C r u c i b l e
A t
m i n




8% S i O ,  
9 0%  MgO"
Ii^ tsEserassHSEraBassBssssw:I n i t i a l  $  C =  
I n i t i a l  $  S i r  
f I n i t i a l  fo 0 =
0,112 1 
0.010 |  
0 . 0 0 2 4  I
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P ,
A  V . H .  

















2 1 3 5
2 0 7 5
2 0 1 5
1 9 5 5
1 8 9 5
1 8 3 5
1 7 7 5
0 . 0 1 3 5
0 . 0 1 2 5
0.0120
0 . 0 0 9 5
0 . 0 0 8 5
0 . 0 0 7 0
0 . 0 0 5 0
0 . 0 1 0 5
0 . 0 0 9 0
0 . 0 0 8 0
0 . 0 0 7 0
0 . 0 0 6 0
0 . 0 0 5 0 ,






+  0 . 0 0 0 4  
•f 0 . 0 0 0 5
0 . 6 3 7 0
0 . 5 7 6 0
0 . 5 4 3 2
0 , 4 5 0 5
0 . 4 5 0 5
D . 3 9 1 3
0 . 3 8 6 8
AO
H2°
0 . 0 0 3 3 1
0 . 0 0 3 1 6
0 . 0 0 3 2 5
0 . 0 0 3 7 2
0 . 0 0 5 6 4
0 . 0 0 5 8 9
0 . 0 0 8 2 3
AO




0 . 0 1 0 2 9  
0 . 0 0 9 1 4  
0 . 0 0 8 0 0  
0 . 0 0 6 8 6  
0 . 0 0 5 7 2  
0 . 0 0 5 1 4
0 . 0 1 7 9 6
0 . 0 1 6 6 3
0 . 0 1 5 9 6
0 . 0 1 2 6 4
0 . 0 1 1 3 1
0 . 0 0 9 3 1
0 . 0 0 7 3 2
^AU
H2°
0 . 0 0 3 3 1
0 . 0 0 5 4 7
0 . 0 0 9 7 2
0 . 0 1 3 4 4
0 . 0 1 9 0 8
0 . 0 2 4 9 7
0 . 0 3 3 2 0
0 . 5 3 8 1
0 . 4 8 4 3
0 . 4 5 1 4
0 . 3 4 6 7
0 . 3 0 0 8
0 . 2 3 9 3
0 . 1 8 2 2
£A0
S i 0 o
0.01200
0 . 0 2 2 2 9
0 . 0 3 1 4 3
0 . 0 3 9 4 3
0 . 0 4 6 2 9
0 . 0 5 2 0 1
0 . 0 5 7 1 5
0 . 0 9 8 9
0 . 0 9 1 7
0 . 0 9 1 3
0 . 1 0 1 8
0 . 1 4 9 7
0 . 1 5 1 4
0 . 2 0 4 6
A^O
C
0 . 0 1 7 9 6
0 . 0 3 4 5 9
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0 . 2 1 5 7 3  
0 . 2 3 4 7 6  
0.25260
0.015309
0 . 0 9 3 9 6
0 . 1 2 7 2 7
0 .1 5 6 9 8
0 . 1 7 9 2 7
0 . 1 9 9 0 9
0 . 2 1 8 9 1
0 . 2 3 6 4 2
0 . 2 5 6 7 1
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  







3 7 / ^  S i 0 2
61$ A120^
I n i t ia l  $  C== 0.115
I n i t ia l  $ Si= 0 .020
I n i t ia l  $ 0= 0.028
A t
m i n
M a s s
g m s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  
N . T . P .  1
3 0 2171 0.010 0.0015 0 . 0 0 8 0 0 . 1 0 4 9 0 . 4 0 5 5 -
j
1j
60 2158 0.001 it f  O ..O O7O 0.0552 0 . 0 5 9 9 0 . 0 1 5 5 Ii
9 0 2 0 8 1 it 11 tt O . O 414 0.0589 0.0025
i
3
120 2 0 4 1 11 11 it 0 . 0 5 9 5 0.0581 0.0014 \s
150 1 9 9 1 it 11 tt 0.0586 0 . 0 5 7 2 0.0014 i\
1 8 0 1 9 3 6 ti 11 it 0.0586 0.0562 0.0024 i









































0 . 0 0 0 5 1
0.00060
0 . 0 0 0 6 5
0.00070
0 . 0 0 0 7 9
0.00091
0.00172






0 . 0 1 5 5 0
O . O I 465
0 . 0 1 5 9 6
0.01729
0.01862
0 . 0 1 9 9 5
0 . 0 2 0 0 8
M e t a l  S a m p l e s  I M e l t
G r a p h i c a l  j P r e s s u r e
D e r i v a t i o n s  1 C r u c i b l e
N . T . P .  F a c t o r -
0 * 9 3 9  i
I n i t i a l  $  C =
ci
I n i t i a l  $  0 =
61
7 b  ran* j I n i t i a l  $  S i =  







M a s s
g m s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
~ — 1—
A  V . H ,  1 
N . T . P .  1
3 0 2067 0 . 026c 0 . 0 2 5 C 0 1.1830 1.0034 0 . 1 7 9 6  |
60 2027 0 . 0 1 4 C 0.0145 11 0 . 7 1 3 6 0 . 5 2 9 8 0 . 1 8 3 3  1
9 0 1 9 9 1 0.0045 0.0055 11 0.3380 0 . 1 6 7 3 0 . 1 7 0 7  |
120 1 9 4 8 0 . 000 ^ 0 11 O .2254 0 . 1 8 1 8 0.0436  5
150 1901 0 it » 0.1502 0 0.1502  |
1 8 0 I 865 11 I! il 0.1221 11 0.1221  |
210 1 8 2 2 11 It II 0.1033 1 0.1033  1
240 1 7 8 4 n II II 0 . 0 9 3 9 ti 0.0939  I



















O . O O 468 
0.00405 
0.00376  












O . O 346O
0.01860
0 . 0 0 5 9 9









0 . 0 1 8 8 1
0 . 0 2 0 0 8
0.02572
0.03040
0 . 0 3 4 4 5
0.03821
0 . 0 4 1 9 7
£A0
S i O ,
0.02860
0.04520
0 . 0 5 1 4 9












| M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  













M e l t
P r e s s u r e








0 . 0 0 8 2 0
0 . 0 0 8 0 0
0.00094
0 . 0 0 0 8 0
0.00156
0 . 0 0 2 2 9
0.00217
AO
S i O rt
0 . 0 4 1 1 5
0.02858
0.01257






I n i t i a l  fo C =  
I n i t i a l  $  S i s  
I n i t i a l  $  0 =
0.100
0.084
0 . 0 0 5
A t
m i n
M a s s
g m s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  1 
N . T . P .  1
3 0 1 9 3 3 1.0325 I . O 36O 0 1.1726 1.1728
“
60 1 8 7 3 1.0225 1.0250 it 0 . 8 1 8 6 0.7868 0.0318  1 
fi
9 0 1 8 3 7 1.0150 1.0110 m 0 . 7 2 5 7 O .5146 0.2111  j
120 1807 1.0100 1 . 0 0 5 5 11 0 . 5 3 9 9 0 . 3 3 7 4 0.2025  |
150 1 7 6 7 1.0060 1 . 0 0 3 5 n 0.2213 0.1980 0.0233  |
1 8 0 1 7 2 9 3 . 0 0 4 0 1 n 0.0885 0.0692 0.0193  I
210 1689 3 . 0 0 1 5 3 ti 0 . 0 3 4 1 0 . 0 4 7 3 0.0368  I
240 1 6 5 4 3 3 ti 0 . 0 5 3 1 0 0.0531  1
270 1600 3 3 it 0.0486 0 0.0486  1
AO
C
0 . 0 4 3 2 3
0 . 0 2 9 7 9
0.02077
0.01429









0 . 0 1 7 4 1
0.01835
0 . 0 1 9 1 5
0 . 0 2 0 7 1
0 . 0 2 3 3 0
0 . 0 2 5 1 7
^  AO 
S i O ,
0.04115
0 . 0 6 9 7 3
0.08230
0 . 0 8 8 5 9
0 . 0 9 2 5 9
0 . 0 9 2 5 9
0 . 0 9 2 5 9
^  AO 
C
0 . 0 4 3 2 3  
0 . 0 7 3 1 6  
0 . 0 9 3 1 1  
O . I O 64I  
0 . 1 1 4 3 9  
0 . 1 1 9 7 1  
0 . 1 2 1 7 1  
0.12171  
0.12171
! M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P .  F a c t o r =  
0 . 9 1 3
M e l t  6 7
P r e s s u r e  7 6 0  m « m .  
C r u c i b l e  37%  S i O p  
61%A1203
I n i t ia l  fo C=
I n i t ia l  $  Si=
I n i t ia l  $  0 -
0 . 9 3 0
0 . 0 3 5
0 . 0 0 3 4
A t
m i n
M a s s
g t n s
AC A S i AO A V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  











3 0  
1 60 
9 0  
120 
1 5 0  
1 8 0  
210 
2 4 0
2 0 8 3
2 0 2 6
1 9 7 1
1 9 1 7
1 8 5 7
1 8 0 7
1 7 5 4
1 7 0 5
0 . 0 6 0
0 . 0 4 0
0 . 0 3 3
0 . 0 2 7
0 . 0 2 5
0 . 0 2 4
0.020
0 . 0 1 6
0 . 0 6 5
0 . 0 3 0
0 . 0 3 0
0 . 0 2 5
0 . 0 2 4
0 . 0 2 3
0 . 0 1 8











0 . 0 1 0 7 8
0 . 0 0 2 9 9
0.00066
0 . 0 0 1 0 9
0 . 0 0 1 7 9




S i C L
0 . 0 7 4 3 0
0 . 0 3 4 2 9
0 . 0 3 4 2 9
0 . 0 2 8 5 8
0 . 0 2 7 4 3
0 . 0 2 6 2 9
0 . 0 2 0 5 9
0 . 0 1 6 0 0
AO
C
0 . 0 7 9 8 0
0 . 0 5 3 2 0
0 . 0 4 3 8 9
0 . 0 3 5 9 1
0 . 0 3 3 2 5
0 . 0 3 1 9 2
0 . 0 2 6 6 0
0 . 0 2 1 2 8
2 . 6 4 7 7
1 . 5 9 7 7
1 . 2 3 2 6
1 . 0 9 5 6
0 . 9 1 3 3
0 . 8 2 1 7
0 . 6 8 4 8
0 . 5 0 2 2
£A0
H2°
0 . 0 1 0 7 8
0 . 0 1 3 7 7
0 . 0 1 4 4 3
0 . 0 1 5 5 2
0 . 0 1 7 3 1
0 . 0 1 7 7 9
0 . 0 1 9 0 1
0 . 0 1 9 0 2
2 . 3 3 3 3
1 . 5 1 3 0
1 . 2 1 4 4
0 . 9 6 6 3
0.8668
0 . 8 0 9 7
0 . 6 5 4 9
0 . 5 0 2 0
0 . 0 7 4 3 0
0 . 1 0 8 5 9
0 . 1 4 2 8 8
0 . 1 7 1 4 6
0 . 1 9 8 8 9
0 . 2 2 5 1 8
0 . 2 4 5 7 7
0 . 2 6 1 7 7
0 . 3 1 4 4
0 . 0 8 4 7
0 . 0 1 8 2
0 . 0 2 9 3
0 . 0 4 6 5
0.0120
0 1 0 2 9 9
0.0002
0 . 0 7 9 8 0
0 . 1 3 3 0 0
0 . 1 7 6 8 9
0 . 2 1 2 8 0
0 . 2 4 6 0 5
0 . 2 7 7 9 7
0 . 3 0 4 5 7
0 . 3 2 5 8 6
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P ,  F a c t o r =  




. 3 0  
6 0  
9 0  
120 
1 5 0  







7 6  m . m .  
37%  3 i 0 „
I n i t ia l  $ C= 0 .960
I n i t ia l  $  S i=  0 .070




0 . 0 0 2 9 1
0 . 0 1 3 6 0
0 . 0 0 1 8 4
0 . 0 0 4 4 7
0 . 0 0 0 4 3
0 . 0 0 0 1 4
0
AO
S i O rt
0 . 1 2 1 1 6
0 . 0 4 1 1 5
0 . 0 2 7 4 3
0 . 0 2 6 2 9
0 . 0 2 6 2 9
0 . 0 2 4 0 0
0 . 0 2 2 8 6
0 . 0 2 1 7 2
A t
m i n
M a s s
g a s
AC A S i AO
----
A  V . T .  
N . T . P .
A  VCO  
N . T . P .
A  V . H .  
N . T . P .
3 0 2 0 6 5 0 . 0 7 0 0 . 1 0 6 0 2 . 7 0 0 0 2 . 7 0 0 0 0
6 0 2 0 1 2 0 . 0 4 6 0 . 0 3 6 0 1 . 8 0 9 6 1 . 7 2 8 0 0 . 0 8 2 0
9 0 1 9 6 4 0 . 0 2 9 0 . 0 2 4 0 1 . 4 3 8 4 1 . 0 6 4 0 0 . 3 7 4 4
1 2 0 1 9 2 5 0 . 0 2 7 0 . 0 2 3 0 1 . 0 2 0 8 0 . 9 7 1 0 0 , 0 4 9 8
1 5 0 1 8 8 7 0 . 0 2 4 0 . 0 2 3 . 0 0 , 9 2 8 0 0 . 8 1 0 0 0 . 1 1 8 0
1 8 0 1 8 3 9 0 . 0 2 3 0 . 0 2 1 0 0 . 8 3 5 2 0 . 8 2 4 1 0 . 0 1 1 1
2 1 0 1 7 7 9 0 . 0 2 2 0 . 0 2 0 0 .  ■0 . 7 3 4 0 0 . 7 3 0 7 0 . 0 0 3 3
2 4 0 1 7 4 4 0 . 0 2 0 0 . 0 1 9 0 0 . 6 4 9 6 0 . 6 5 1 0
AO
C
0 . 0 9 3 1 0
0 . 0 6 1 1 8
0 . 0 3 8 5 7
0 . 0 3 5 9 1
0 . 0 3 1 9 2
0 . 0 3 0 5 9






0 . 0 0 2 9 1
0 . 0 1 6 5 1
0 . 0 1 8 3 5
0 . 0 2 2 8 2
0 . 0 2 3 2 5
0 . 0 2 3 3 9
0 . 0 2 3 3 9
£ ao
S i O ,
0 . 1 2 1 1 6  
0 . 1 6 2 3 1  
0 . 1 8 9 7 4  
0 . 2 1 6 0 3  
0 . 2 4 2 3 2  
0 . 2 6 6 3 2  
0 . 2 8 9 1 8  
0 . 3 1 0 9 0
£AG
C
0 . 0 9 3 1 0
0 . 1 5 4 2 8
0 . 1 9 2 8 5
0 . 2 2 8 7 6
0.26068
0 . 2 9 1 2 7
0 . 3 2 0 5 3
0 . 3 4 7 1 3
j i S i  0 . 1 + 1 + 5 ,  0 . 1 + 2 0  
%0 0,0 0 0 5, 0,008.
G a s  S a m p l e s
G r a p h i c a l
D e r i v a t i o n s
Melt 87
P r e s s u r e  3  mm
C r u c i b l e  3 7 %  S i  O p
6 l> o  A l o 0 .
N . T . P .  F a c t o r  =  *■
> 3 20.93
A t M a s s CO.
5ZCS9^ SSSaM?HR22BB53^ :;
CO, AC A S i
A V . T .  
N . T . P .
A  V . I I .  § 
N . T . P .  jj
30 
6 0  
90 
1 2 0  
1 5 0  
180 












0 , 8 8  
0.87
0 . 8 6 3
0.865
0.865




0 . 8 7
O . 6 6 5
0 . 8 5 5
0 . 8 6 5




0 . 8 6 5
0 . 05 1 !
0 . 0 4 1
0 , 0 3 1

























S i ° 2
SA0 I
C I
30 0.00918 0.05511 .0.06728 0.00916 0.05811+ 0.067281
60 0.00816 0.0i+6i+2 0.05455 0.01736 0. ia+56 0.121831
90 0.00 648 0.03505 0.04151 0.02382 0.13961 0.16334|
120 0.00605 0.03271 0.03874 0.02987 0,17232 0.20208 I
150 0.00583 0.03'iSb 0.03736 0.03570 0.20386 0.239441
180 0.0058 3 0.0315k 0.03736 0.041.53 0.2351+0 0.276801
210 0.00583 0 .03151+0.03736 0.04736 0.26691+ 0.31416|
240 0.00583 0 x13151+0.03736 0.05319 0.2981+80.35152 I
270 0.00 58 3 OJ0315U 0.0373 6 0.0 59 OS 0.33002 0.388881





1 . 2 5 8 2  
1 . 2 5 8 2  
1 . 2 5 6 2  
1 . 2 5 8 2
0 . 2 6 7 0
0 . 2 3 8 0
0.1890
0 . 1 7 6 0
0 . 1 7 8 0
0 . 1 7 0 0
2 0 , 1 7 0 0
0 . 1 7 0 0
0 . 1 7 0 0
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P .  F a c t o r :
o-so
M e l t  49
P r e s s u r e  760 mm.
C r u c i b l e  oo%  S i C U
k3/'o  A l g O ^
I n i t i a l  $  C =  
I n i t i a l  $  S i =  
I n i t i a l  #  0 =
O.134
0 . 3 7 5
0 . 0 2 1 7
A t
m i n
M a s s
g m s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H ,  
N . T . P .
5 0 2170 0.0055 0.0120 0 . 0 0 1 4 0.1717 0 . 2 2 2 9 ~
60 2 1 2 8 0.0035 0 . 0 0 5 5 0.0013 0.1620 0 . 1 3 9 1 0 . 001.3
9 0 2087 0.0029 0 . 0 0 3 5 0 . 0Q1I 0 . 1 3 9 5 0 . 0 9 7 1 0 . 0 4 2 4
120 2 0 4 3 0.0013 0.0010 0 . 0 0 0 5 0 . 0 9 4 5 0 . 0 4 9 6 0 . 0 4 4 9
150 1 9 8 5 0 . 0 0 0 7 0.0005 0.0001 0 . 0 5 8 5 0.0259 0.0326
1 8 0 1 9 5 6 0.0005 0.0004 0 0.0495 0 . 0 1 8 1 0 . 0 3 1 4
210 1 8 8 0 0.0004 0.0002 0 0.0495 0.0140 0 . 0 3 5 5
240 1 8 2 1 0.0004 0.0001 0 0.0450 0.0136 0 . 0 3 1 4















£ a o  |
c  !
5 0 _ 0.01371 0.00732 — 0.01372
1
0.00732  1
60 0 . 0 0 0 7 7 0.00628 O . O O 466 0.00077 0.02000 0.07198  |
9 0 0 . 0 0 1 4 5 0.00400 0.00386 0.00222 0.02400 0.01584  1
120 0.00150 0.00114 0.00173 0 . 0 0 3 7 2 0 . 0 2 5 1 4 0.01757  1
150 O . O O I I 7 0 . 0 0 0 5 7 0.00093 0 . 0 0 4 8 9 0.02571 0 . 0 1 8 5 0  I
1 8 0 0 . 0 0 1 1 6 O . O O O 46 O . O O O 67 0 . 0 0 6 0 5 0.02617 0 . 0 1 9 1 7  1
2 1 0 0 . 0 0 1 3 5 0.00023 0.00053 0 . 0 0 7 4 0 0.02640 0 . 0 2 0 2 3  1
240 0.00123 0 . 0 0 0 1 1 O . O O O 53 O . O O 863 0.02651 0.02063  I
270 0 . 0 0 1 4 7 0 . 0 0 0 1 1 0.00040 0 . 0 1 0 1 0 0.02662 0.02103  1
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  













M a s s
g m s
2046
1 9 9 9
1 9 5 2
1 9 0 5
1 8 5 8
1 7 6 5
AC
0 . 0 6 8 0
0.0290
0.0070
0 . 0 0 2 4
0 . 0 0 0 5
0 . 0 0 0 0
45 j I n i t i a l  $  C=
76 mm. I I n i t i a l  cjo Si=




0 . 0 1 0
A S i
0.050
0 . 0 2 8
0 . 0 1 2
0.004
0 . 0 0 1
0 . 0 0 0
A 0
0.004  
0 . 0 0 0 6  
+ 0 , 0 0 1  
+  0 . 0 0 1  
+ 0 . 0 0 1  
+ 0 . 0 0 1
A  V . T .  
N . T . P .
2 . 7 0 5 9
1 . 0 8 0 0
0 . 2 5 5 2
0.1170
O . O 65O
0.0720
A  VCO  
N . T . P .
2 . 5 9 7 6
1 . 0 8 2 5
0 . 2 5 5 0
0 . 0 8 0 9
0 . 0 1 7 5
0 . 0 0 0 0
0 . 1 0 3 5
0 . 0 0 0 2
0 . 0 2 8 1
0 . 0 4 5 7
0 . 0 1 2 0
wvi j
A V . H ,  












S i 0 2
^  A 0  
C
, 2 9 0.00578 0 . 0 5 7 1 5 0 . 0 9 0 4 4 0.00578 0 . 0 4 7 1 5 0 . 0 9 0 4 4
61 - 0.05200 0 . 0 5 8 5 7 0 . 0 0 5 7 8 0.08915 0.12901
9 0 - 0.01572 O . O O 95I 0.00578 0.10287 0 . 1 5 8 5 2
120 0 . 0 0 1 0 5 0 . 0 0 4 5 7 0 . 0 0 5 1 9 0.00485 0 . 1 0 7 4 4 0 . 1 4 1 5 1
150 0.00176 0 . 0 0 1 1 4 O . O O O 67 0,00659 0.10858 0.14218
1 8 0 0 . 0 0 0 4 9 0 . 0 0 0 0 0 . 0 0 0 0 0 . 0 0 7 0 8 0 . 1 0 8 5 8 0 . 1 4 2 1 8
$0 0.0196, 0.0197
ISSSSS3SSSSXXSSS,
G a s  S a m p l e s
G r a p h i c a l
D e r i v a t i o n s
M e l t  8 6  
P r e s s u r e  3 _ f t u n  
C r u c i b l e  5 6 > i >  S 1 O 2
A 1 ? 0 ’














M a s s
2 1 7 0
2 1 7 0
2 1 7 0
2 1 7 0
CO-
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
j»aagajBSCTgg3aEC!«Tff«agw*re
CO,
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
AC A S i
'aatiacmauijaBBBnigeyaisiMMMBiBBaggfiij
A  V . H .  
N . T . P .
A V . T .
N . T . P
Q.OlSl 0.022
0 . 0 1 C
0 . 0 0 6
0 . 0 0 2

























0 . 0 2 5 5 2
0 . 0 1 3 8 b
0.00788
0.00315
^  AO 
H 2 °
^  AO 





0 .0 2 5 5 7
0.039^6
O.Oi4-735




M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P .  F a c t o r ^  
0 . 9 5
M e l t  4 1  
P r e s s u r e  7 6 0  urai 
C r u c i b l e  5 6 $  S i O ^
3 7 $  A l o 0 .
I n i t i a l  $ C= 0.955
I n i t i a l  $ Si= 0.094
I n i t i a l  $ 0 -  0.0025
at
1 m i n
M a s s
g n s
AC A S i A 0 A  V . T .  N . T . P .
A  V C 0  
N . T . P .
A  V . H .  
N . T . P .
| 3 0 2 2 0 9 0 . 0 3 2 0 . 0 4 1 0 2 . 2 4 3 0 1 . 3 1 9 8 0 . 9 2 3 2
60 2 1 5 8 0 . 0 2 5 0 . 0 3 3 0 1 . 2 9 1 0 1 . 0 0 7 3 0 . 2 8 3 7
9 0 2 1 0 7 0 . 0 2 5 0 . 0 2 3 0 1 . 0 0 4 2 0 . 9 8 3 4 0 . 0 2 0 8
1 2 0 2 0 5 6 0 . 0 2 5 0 . 0 1 2 0 0 . 8 0 6 6 0 . 9 5 9 6 -
1 8 0 2 0 0 5 0 . 0 4 6 0 . 0 2 1 0 1 . 3 3 8 7 1 . 7 2 1 9
2 1 0 1 9 5 4 0 . 0 2 4 0 . 0 1 0 0 0 . 5 2 1 6 0 . 8 7 5 6 —
2 4 0 1 9 0 3 0 . 0 2 3 0 . 0 1 0 0 0 . 4 2 5 6 0 . 8 1 7 2 -














S i O „
0 . 0 2 9 9 0  
0  0 0 9 4 0  
0.00070
0 . 0 4 6 9 0
0 . 0 3 7 7 0
0 . 0 2 6 3 0
0 . 0 1 3 7 0
Q . 0 2 4 0
0 . 0 1 1 4 0
0 . 0 1 1 4 0





0 . 0 4 2 6 0
0 . 0 3 3 3 0
0 . 0 3 3 3 0
0 . 0 6 1 2 0
0 . 0 3 1 9 0
0 . 0 3 0 6 0
0 . 0 3 0 6 0
0 . 0 3 0 6 0
0 . 0 2 9 9 0
0 . 0 3 9 3 0
0 . 0 4 0 0 0
£ A 0
S i O ,
0 . 0 4 6 9 0
0 . 0 8 4 6 0
0.11090
0 . 1 2 4 6 0
0 . 1 4 8 6 0
0 . 1 6 0 0 0
0 . 1 7 1 4 0
0 . 1 8 2 8 0
^  AO 
C
0 . 0 4 2 6 0  
0 . 0 7 5 9 0  
0 . 1 0 9 2 0  
0 . 1 4 2 5 0  
0 . 2 0 3 7 0  
0 . 2 3 5 6 0  
0.26620  
0 . 2 9 6 8 0
tgjoratoae
|S7rerh»^ .^ a^girs£53aga^ itiL!^ a 3^2a,EiaErz5»eiii.^ Bg^agaaae
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  













M e l t
P r e s s u r e
C r u c i b l e
4 4
76 m m.
5 fyo S i O ,
M a s s
g o i s
2 1 8 9
2142
2 0 9 5
2 0 4 8
2 0 0 1
1 9 5 4
1 9 0 7
I 8 6 0
I n i t i a l  fo C =  
I n i t i a l  $  S i =  
I n i t i a l  $  0 =
O.955O
0.1050
0 . 0 0 1
AC
0 . 0 6 1 0




0 . 0 1 9 8
0 . 0 1 7 7
0 . 0 1 7 5
A S i
O . O 63O
0.0570
0 . 0 5 3 0
0 . 0 4 9 5
0 . 0 3 8 5
0 . 0 2 2 0
0 . 0 1 2 0
0 . 0 1 0 0
AO A  V . T .  N . T . P .
3 . 7 3 1 8  
2 . 5 7 5 6  
2.0045 
1 . 3 4 8 9  
0 . 9 9 1 7  
O .7238 
0 . 6 8 6 2  
0 . 6 8 1 5
A  VCO  
N . T . P .
2 . 4 9 3 P
2 . 1 5 9 6
1,6624
1 . 1 4 7 1
0 . 8 4 0 5
0.7223
0 , 6 3 0 1
0 . 6 0 7 7
A  Y . H ,  
N . T . P .
1 . 2 3 8 8
0 . 4 1 6 0
0 , 3 8 2 1
0 . 2 0 1 8
0 . 1 5 1 2
0.0005
0.0061














£ A 0  i 
C 1
3 0 0 . 0 4 0 4 1 0.07201 0.08113 0.04041 0.07201 0 , 0 8 1 1 3  |
'  60 0.01387 O . O 6515 0.07182 0.05428 O . I 3716 0 . 1 5 2 9 5  |
9 0 0.01302 0.06058 0 . 0 5 6 5 3 O . O 673O 0 . 1 9 7 7 4 0.20948  I
120 0.00512 O . O 5658 0 . 0 3 9 9 0 0.07242 0 . 2 5 4 3 2 0 . 2 4 9 3 8  |
150 0 . 0 0 5 4 0 0,04401 0 . 0 2 9 9 3 0.07782 0 . 2 9 8 3 3 0 . 2 7 9 3 1  1
1 8 0 0.00002 0.02515 0.02633 0 . 0 7 7 8 4 0.32348 0.30564  I
210 0.00210 0.01372 0 . 0 2 3 5 4 0 . 0 7 9 9 4 0.33720 O . 329I 8 1
240 0.00283 O . O I I 43 0.02328 0.06277 0.34863 0.35246  r
i ’ x i i c i j .  x i i & u o  / u i y . x j ' t j j . a  ~/cu
/ o S i  0 , 6 6  
$ 0  0 , 0 0 1 3 ?  0 , 0 0 1 1
G a s  S a m p l e s
G r a p h i c a l
D e r i v a t i o n s
M e l t  8 9  N . T . P .  F a c t o r  =
P r e s s u r e  3  0 , 0 3 1  R
C r u c i b l e  5 6 / b  S i O g
4 3 / £  A 1 2 ° 3
A V . T . A
A t M a s s C 0 1 C 0 2 AC A S i N . T . P . N
3 0 2 1 8 5 0 .9 6 2 1 . 0 0 0 . 0 8 2 0 . 0 9 2 3 . 1 + 9 1 3 0
6 0 2 1 8 5 1 . 0 0 1 . 0 0 0 . 0 8 1 + 0 . 0 9 9 3 . 4 4 I+7 0 .
9 0 2 1 8 5 1 . 0 0 1 . 0 0 0 . 0 8 1 0 . 0 9 5 3 , 3 0 5 1 0
120 2 1 8 5 1 . 0 0 1 . 0 0 0 . 0 7 5 0 . 0 8 8 3 . 0 7 2 3 0
130 2 1 8 5 1 . 0 0 M * 0 0 0 . 0 6 7 0 . 0 7 9 2 . 7 4 6 5 0
1 8 0 2 1 8 5 1 . 0 0 1 . 0 0 0 . 0 5 9 0 . 0 6 9 2 .4 2 0 6 0





0 . 0 6 0 2 . 0 9 4 8 0
21+0 2 1 8 5 1 . 0 0 1 . 0 0 0 , 0 1 + 9 0 . 0 5 7 2 . 0 0 1 7 0
270 2 1 8 5 1 . 0 0
00
*












S i 0 2
£ A 0 I
c w
3 0 0 . 0 0 4 3 0 0 .1 0 5 5 0 0 . 1 0 9 7 6 0 . 0 0 4 3 0 0 .1 0 5 5 0 0 . 1 0 9 7 6 1
6 0 0 0 . 1 1 2 6 2 0 . 1 1 2 5 6 0 . 0 0 4 3 0 0 . 2 1 8 1 2 0 . 2 2 2 3 2  1
9 0 0 0 . 1 0 8 0 5 0 . 1 0 7 9 9 0 . 0 0 4 3 0 0 . 3 2 6 1 1 0 . 3 3 0 3 1 1
1 2 C 0 0 . 1 0 0 4 5 0 . 1 0 0 3 9 0 . 0 0 4 3 0 0 . 4 2 6 6 2 0 . 4 3 0 7 0 |
1 5 C 0 0 . 0 8 9 8 0 0 . 0 8 9 7 5 0 . 0 0 4 3 0 0 . 5 1 6 4 2 0 . 520 *4 5 !
1 8 C . 0 0 . 0 7 9 1 4 0 . 0 7 9 0 9 0 . 0 0 4 3 0 0 . 5 9 5 5 6 0 . 5 9 9 5  Ml
2 1 C 0 O . O 6&48 0 . 0 6 8 4 5 0 . 0 0  4 3 0 0 . 6 6 1 + 0 4 0 . 6 6 7 9 9 |
2 4 C 0 0 . 0 6 5 4 5 0 . 0 6 5 4 1 0 . 0 0 4 3 0 0 . 7 2 9 4 9 0 . 7 3 3 4 9 |
2 7 C 0 0 . 0 6 5 4 5 0 . 0 6 5 4 1 0 . 0 0 4 3 0 0 . 7 9 4 9 4 0 . 7 9  8 8 1 |
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P .  F a c t o r =
Melt 101
Pressure 760  mra
Crucible 9 2 %  SiO,
I n i t i a l  fo C=
I n i t i a l  $ Si=
I n i t i a l  $ 0=
0 .1 l4 a




M a s s
g m s
AC A S i A 0 A V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  
N . T . P .
3 0 2 2 1 8 0 . 0 0 9 0 . 0 1 3 0 . 0021+ 0 . 1 + 8 0 0 0 . 3 7 2 7 0 . 1 0 7 3
60 2 1 7 7 0 . 0 0 8 3 0 . 0 1 0 0 , 0 0 3 k 0 . 3 9 3 0 0 . 3 4 5 b 0 . 0 4 9 4
9 0 2 1 2 k 0 . 0 0 8 3 0 . 0 1 0 0 . 0 0 3 8 0 . 3 3 5 0 0 . 3 3 5 0 0
120 2 0 7 9 0 . 0 0 7 5 0 . 0 0 7 5 + 0 . 0 0 3 0 0 .2 9 0 0 0 . 2 9 0 0 0
150 2 0 i+l+ 0 .0050 0 .0 0 5  0 + 0 . 0 0 3 1 0 .2 5 0 0 0 .1 9 0 8 0 . 0 5 9 2
180 2 0 0 4 0 . 001+5 0 . C 0 2 5 + 0 . 0 0 2 7 0 . 2 1 0 0 0 . 1 6 8 4 0 . 0 4 1 6
2 1 0 1 9 6 9 O .O O I4O 0 . 0 0 2 5 + 0 . 0 0 2 3 0 . 1 9 0 0 0 . 1 1 + 7 0 0 . 0 4 3 0
2 4 0 1 9 2 1 O.OQLjO 0 . 0 0 2 5 + 0 . 0 0 2 5 0 . 1 8 5 0 0 .1 4 3 5 0 . 0 4 1 5











S i 0 2
£ A 0
c
3 0| 0 . 0 3 4 5 4 0 . 0 1 4 8 6 0 . 0 1 1 9 7 0 . 0 3 4 5 4 0 . 0 1 4 8 6 0 . 0 1 1 9 7
6 0 0 . 0 1 6 2 0 0 . 0 1 4 3 0 0 . 0 1 1 3 1 0 . 0 5 0 7 4 0 . 0 2 9 1 6 0 . 0 2 3 2 8
9 0 0 0 . 0 1 4 3 0 0 . 0 1 1 3 1 0 . 0 5 0 7 4 0 . 0 4 3 4 6 0 . 0 3 4 5 9
1 2 0 0 0 . 0 0 8 5 7 0 . 0 0 9 9 8 0 . 0 5 0 7 4 0 . 0 5 2 0 3 0 . 0 4 4 5 7
1 5 0 0 . 0 2 0 6 8 0 . 0 0 5 7 2 0 .0 0 6 6 5 0 .0 7 1 4 2 0 . 0 5 7 7 5 0 . 0 5 1 2 2
1 8 0 0 . 0 1 4 8 2 0 . 0 0 2 8 6 0 .0 0 5 9 9 0 . 0 6 6 2 4 0 . 0 6 0 6 1 0 . 0 5 7 2 1
2 1 0 0 . 0 1 5 5 9 0 . 0 0 2 8 6 0 .0 0 5 3 2 0 . 1 0 1 6 3 0 . 0 6 3 4 7 0 . 0 6 2 5 3
2 1 + 0 0 . 0 1 5 4 2 0 . 0 0 2 8 6 0 .0 0 5 3 2 0 . 1 1 7 2 5 0 . 0 6 6 3 3 0 . 0 6 7 8 5
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P .  F a c t o r =
0 . 9 4
Melt 100
Pressure 1 ^0  mm
9 2 %  S i O Q
C r u c i b l e
I n i t i a l  C=
I n i t i a l  $ Si=
I n i t i a l  % 0=
0 , 8 8 5
0.160
0 . 0 0 6
A t
m i n
M a s s
g m s
AC A S i AO
A  V . T .  
N . T . P .
A  VCO  
N . T . P .
A  V . H .  I
N . T . P .  1
3 0 1 7 5 0 0 . 2 5 0 . 2 2 0 0 . 0 0 1 7 8 . 8 3 6 8 . 1 6 8 1 0 . 6 6 7 9  |
6 0 1 7 5 0 0 . 1 2 5 0 . 2 1 5 0 . 0 0 1 2 1 * .  1 * 0 9 0 1 * . 0 8 1 * 1 0 . 3 2 4 9  1
9 0 1 7 2 0 0 . 1 1 0 0 . 2 1 5 0 . 0 0 0 8 3 . 7 0 3 0 3 . 5 3 2 4 0 . 1 7 0 b  1
1 2 0 1 6 9 5 0 . 0 7 5 0 .0 5 0 0 . 0 0 0 2 2 . 3 5 2 0 2 . 3 5 0 0 0 . 0 0 2 0  I
1 5 0 1 6 7 5 0 . 0 6 5 0 . 01*0 + 0 . 0 0 0 7 2 . 0 7 6 0 1 . 8 7 6 3 0 . 1 9 9 7
1 8 0 1 6 3 5 0 . 0 5 5 0 . 01*0 + 0 . 0 0 1 2 1 . 7 2 0 0 1 . 6 7 8 9 0 . 0 4 1 1  I
2 1 0 1 5 9 5 0 . 0 1 * 5 0 . 0 1 0 + 0 . 0 0 1 3
0-=t0—■H 1 . 6 3 7 8 0 . 0 6 6 2  1

















3 0 0 . 0 2 7 2 5 0 . 2 5 1 4 6 0 . 3 3 2 5 0 0 . 0 2 7 2 5 0 . 2 5 1 4 6 0 . 3 3 2 5 0
« 6 0 0 . 0 1 3 2 6 0 . 2 4 5 7 5 0 . 1 6 6 2 5 0 . 0 4 0 5 1 0 . 4 9 7 2 1 0 . 4 9 8 7 5
9 0 0 . 0 0 7 0 8 0 . 2 4 5 7 5 0 . 1 4 6 3 0 0 . 0 4 7 5 9 0 . 7 4 2 9 6 0 . 6 4 5 0 5
1 2 0 0 . 0 0 0 0 8 0 . 0 5 7 1 5 0 . 0 9 9 7 5 0 . 0 4 7 6 7 0 . 8 0 0 1 1 0 . 7 4 4 8 0
1 5 0 0 . 0 0 8 5 1 0 . 0 4 5 7 2 0 . 0 7 9 8 0 0 . 0 5 6 1 8 0 . 8 4 5 8 3 0 . 8 2 4 6 0
1 8 0 0 . 0 0 1 8 0 0 . 0 4 5 7 2 0 . 0 7 3 1 5 0 . 0 5 7 9 8 0 . 8 9 1 5 5 0 . 8 9 7 7 5
2 1 0 0 . 0 0 2 7 0 0 . 0 1 1 4 3 0 . 0 7 3 1 5 0 . 0 6 0 6 8 0 . 9 0 2 9 8 0 . 9 7 0 9 0
2 4 0 0 0 . 0 1 1 4 3 0 . 0 5 9 8 5 0 . 0 6 0 6 8 0 . 0 1 4 4 1 1 . 0 3 0 7 5
Final Ingot Analysis %0  0 , 0 3 5
%Si 1 , 2 7
%D 0 , 0 0 3 1 ,  0 . 0 0 3 5
G a s  S a m p l e s
G r a p h i c a l




2 0  
3 0  
kO  
U 5














1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
M e l t  1 1 0  N . T . P .  F a c t o r  =
P r e s s u r e  3  m m  0 , 9 3  g
C r u c i b l e  9 2 %  S i O g
CO,
1 , 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
AC
0 . 1 6 2
0 . 1 6 2
O .lk k
0 .1 3 k
0 . 0 U 9
A S i
0 . 1 9
0 . 1 9
0 . 1 6 6
0 . 1 5 6
0 . 0 5 7
A V . T .  
N . T . P .
2 . 6 6 6 3
2 . 6 6 6 3  
2 . 1 9 7 6  
2 . 1 9 3 9  
0 . 7 k k 0
AO
S i O ,
0 . 2 1 6 3 C
0 . 2 1 6 3 0
0 . 1 7 8 U O




0 . 2 1 6 0 C
0 . 2 1 6 0 0
0 . 1 7 8 3 0
0 . 1 9 1 U 0









^  AO 
S i O ,
0 . 2 1 6 3 0
0 . U 3 2 6 0
0 . 6 1 1 0 0
0 . 8 0 2 5 0
0 . 8 6 7 W *
A  V . H .  








0 . 2 1 6 0 0  
0 . 1 0 2 0 0  
0 . 6 1 0 3 0  
0 . 8 0 1 7 0  
0 . 8 6 6 6 1
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  




I n i t i a l  $  C= 0 . 9 3 5
I n i t i a l  $ Si= 0 . 1 0 0
I n i t i a l  $ 0= 0 . 0 2 4
A t
m i n
M a s s
g n s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  








2 0 4 5  
2 0 1 5  
1 9 9 5  
1 9 5 0  
1 9 0 0  
1 8 5 6  
1 8 1 o
0 . 0 5 6  
0 . 0 5 8  
0 . 0 5 8  
0 . 0 5 8  
0 . 0 5 8  
0 . 0  5 8  
0 . 0 5 8
0 . 0 6 5
0 . 0 6 5
0 . 0 6 5
0 . 0 6 5
0 . 0 6 5
0 . 0 6 5
0 . 0 6 5
0 . 0 0 9 8  
0 . 0 0 5 8  
0 . 0 0 3 4  




2 .4 5 4 4
2 . 1 7 1 2
2 . 1 7 1 2
2 . 1 7 1 2
2 * 1 7 1 2
2 . 0 7 6 8
1 . 6 9 9 2
2 . 2 1 4 3
2 . 1 8 2 5
2 . 1 6 0 1
2 . 1 1 5 8
2 . 0 5 7 4
2 . 0 1 0 8
1 . 9 6 0 4
0 . 2 4 0 1
0 . 0 1 1 1  
0 . 0 5 5 4  
0 . 0 1 3 8  











^  AO 
S i 0 2
^  AO 
C
3 0 0 . 0 0 8  3 8 ' ) . 0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 0 8 3 8 0 . 0 7 4 3 0 0 . 0 7 9 8 0
. 6 0 - 0 . 0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 0 8 3 8 0 . 1 4 8 6 0 0 . 1 5 9 6 0
9 0 0 .0 0 0 4 0 0 . 0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 0 8 7 8 0 . 2 2 2 9 0 0 . 2 3 9 4 0
1 2 0 0 . 0 0 2 0 3 0 . 0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 1 0 8 1 0 . 2 9 7 2 0 0 . 3 1 9 2 0
1 5 0 0 . 0 0 0 5 2 0 .0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 1 1 3 3 0 . 3 7 1 5 0 0 . 3 9 9 0 0
1 8 0 0 . 0 0 2 5 4 0 . 0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 1 3 8 7 0 . 4 4 5 8 0 0 . 4 7 8 8 0
2 1 0 0 . 0 7 4 3 0 0 . 0 7 9 8 0 0 . 0 1 3 8 7 0 . 5 2 6 1 0 0 . 5 5 8 6 0
M e t a l  S a m p l e s  
G r a p h i c a l  
D e r i v a t i o n s  
N . T . P ,  F a c t o r =  
0 . 0 2 6
M e l t  1 0 6  
P r e s s u r e  1 4 0  m m  
C r u c i h l e 9 2 ^ o  S i O ^
XK3B5ff3gSK^ W,aK3a5gSSSfcJ»gTJJiB.lS
I n i t i a l  fo C= 0 . 1 6  
I n i t i a l  $  S i = 0 . 1 0  
I n i t i a l  $  0 =  0 . 0 0 3
A t
m i n
M a s s
g m s
AC A S i AO A  V . T .  N . T . P .
A  VCO  
N . T . P .
A  V . H .  
N . T . P .
3 0 I 9 6 0 0 . 0 4 8 0 . 0 5 5 + 0 . 0 0 4 4 2 . 8 3 0 4 1 . 7 5 6 5 1 . 0 7 3 9
60 1900 0 . 0 2 9 0 .0 2 0 + 0 .0 0 3 6 1 J 6 9 3 1 . 0 2 8 7 0 . 1 0 4 6
9 0 1870 0  .0 2 0 0 . 0 1 5 + 0.0010 0 . 9 7 4 4 0 . 6 9 8 3 0 . 2 7 6 1
120 1 8 3 5 0 . 0 1 6 0 . 0 1 5 0 0 . 6 8 6 7 0 .5 4 8 2 0 . 1 3 8 5
1 5 0 1 8 0 0 0 . 0 1 3 0 . 0 1 5 0 0 . 5 1 0 4 0 . 4 3 6 9 0 . 0 7 3 5











0 . 0 3 9 1 2 1
0 . 0 0 3 9 3
0 . 0 0 1 5 4
0 . 0 0 5 3 9
0 . 0 0 2 9 2
0 . 0 0 2 9 3
AO
S i O „
0 . 0 4 4 7 2
0 . 0 0 4 4 9
0 . 0 0 1 7 6  
0 . 0 0 6 1 6
0 . 0 0 3 3 4
0 . 0 0 3 3 4
AO
C
0 . 0 6 3 8 4
0 . 0 3 8 5 7
0 . 0 2 6 6 0
0 . 0 2 1 2 8
0 . 0 1 7 2 9
0 . 0 1 4 6 2
£ a o
H 2 °
0 .0 3 9 1 2
0 . 0^ 305
0 . 0 1 ) 4 5 9
0 . 0 4 9 9 8
0 .0 5 2 9 0
0 . 0 5 5 8 3
g A O
S i O ,
0 . 0 4 4 7 2  
0 . 0 4 9 2 1  
0 . 0 5 0 9 7  
0 . 0 5 7 1 3  
0 . 0 6 0 k 7 
0 . 0 6 3 8 1
g A O
c
0 . 0 6 3 8 1 ) .  
0 . 1 0 2 1 0 .  
0 . 1 2 9 0 1
0 . 1 5 0 2 9
0 . 1 6 7 5 8
0 . 1 8 2 2 0
% S i  0 . 3 6  
% 0  0 . 0 1 2 1 ,  0 . 0 1 3 9
G a s  S a m p l e s
G r a p h i c a l
D e r i v a t i o n s
M e l t  1 0 9  
P r e s s u r e  3  
C r u c i b l e
n m
)2%  S i O ,
N . T . P .  F a c t o r  =
0 . 9 4
A t M a s s C 0 1 C 0 2 AC A S i
A V . T .  
N . T . P .
1 0 8 6 0 1 . 0 0 0 . 9 4 0 . 1 9 7 0 . 2 3 0 3 . 1 6 7 8
2 0 8 6 0 0 . 9 4 0 . 8 8 0 . 0 6 1 0 . 0 6 6 1 . 0 3 4 0
3 0 8 6 0 0 . 8 8 0 . 8 1 5 0 . 0 0 8 0 . 0 0 8 0 . 1 5 1 0
6 0 8 6 0 0 . 8 1 5 0 . 6 3 0 . 0 1 0 0 . 0 0 9 0 . 1 9 7
7 0 8 6 0 0 . 6 3 0 . 5 7 0 . 0 0 2 0 . 0 0 8 0 . 0 4 7
8 0 8 6 0 0 . 5 7 0 . 5 1 0 . 0 0 0 8 0 . 0 0 1 6 0 . 0 2 4
A  V . I i .  
N . T . P .
0 . 0 0 6
0 . 0 6 3
0 . 0 1 9
0 . 0 3 6
0 . 0 1 8



















0 .0 0 0 0 5
0 .0 0 5 2 0
0 . 0 0 1 5 6  
0 . 0 0 3 1 8
0 . 0 0 1 4 9
0 . 0 0 0 9 1
0 .  2 6  3C4  
0 . 0 7 5 8 8  
0 . 0 0 9 4 2  
0 .  0 1 0 0  
0.00914  
0 . 0 0 0 1 8
0 . 2 6 2 9 6  
0 . 0 8 0 6 6  
0 . 0 1 0 9 8  
0 . 0 1 3 1 8  
0 . 0 0 2 4 1  
O J 0 0 1 0 9
0.00005  
0 .0 0 5 2 5  
0 . 0 0 6 8 1  
0  . 0 0 9 9 9  
0 . 0 1 1 6 8  
0 . 0 1 2 3 9
0 . 2 6 3 0 6
0 . 3 3 8 5 2
0 . 3 4 7 9 6 ]
0 . 3 5 7 9 4
0 . 3 6 7 0 8
0 . 3 6 7 2 6
. 2 6 2 9 6 -
. 3 4 3 5 8
. 3 5 4 5 6 '
. 3 6 7 7 4
. 3 7 0 1 5
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TABLE 1 8 . Co n t r i b u t i o n  o f  o x y g e n  f r o m  s i l i c a  a n d  
w a t e r  i n  8%SiC>2 -LigO c r u c i b l e s  i n  2 0 0  r a i n s .
! M e l t  L o .  ! w/ o C T i P ^  S t a t i c
; i 1 k S ,  P .
2 & 0 S i 0 2
( w t . % )
h2 0
IE A  0 /
51 1.0 760 0.0022 0 .0 1 9 N.D. ; 0.093
40 . 1.0 760 0.0020 N.D. N.L.' 0.106
37 ; 76 0.0016 0.168 0.017 , 0.479
94 ; 1-° 3 ; 0 .0 0 1 4 0.103 0.016 0.293
96 ; 1.0 - 3 ; 0.0019 0.114 0.012 ; 0.322






90 | 1.0 3 ; 0.0018 0.222 W.D. : Q.395
76 | 0.1. 3 ■ 0.0020 0.071 0.021+ ! 0.076
55
i








760 ' 0.012 0
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0.055 : 0 .0 3 6
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TABLE 2 2 . D if f r a c t o m e t e r  A n a ly s i s  of C ruc ib le
sections after melting.
F o u r  s a m p l e s  o f  r e f r a c t o r y  m a t e r i a l  w e r e  v a c u u m  m o u n t e d  
i n  a r a l d i t e  a n d  p o l i s h e d .  T h e y  w e r e  t h e n  e x a m i n e d  o n  t h e  
P h i l i p s  1 3 1 0  d i f f r a c t o m e t e r .  The  s a m p l e s  w e r e  t h e n  r e -
j
p o l i s h e d  a n d  2 0  t h o u s .  r e m o v e d  f r o m  t h e  s u r f a c e ,  t h e y  w e r e  
r e - e x a m i n e d  a n d  r e p o l i s h e d  r e p e a t e d l y  u n t i l  a t o t a l  o f  1 0 0
t h o u s .  h a d  b e e n  r e m o v e d .  The  r e s u l t s  w e r e  a s  f o l l o w s : -
S a m p l e | P h a s e s  P r e s e n t .
N o . 1+1. 5 6 % S i 0 2 - A l 2 0 3 S u r f a c e . i - -  n M a j o r  p h a s e s , a l u m i n a
a n d  «  i r o n ,  ' h i n o r
p h a s e  m u l l i t e .
1 .00% C  @ 7 6 0  mm 2 0  T h o u s .  
b e l o w  s u r f a c e .
A l u m i n a ,  i r o n  a n d  
j m u l l i t e  i n  f a i r l y  
j e q u a l  p r o p o r t i o n s .
1+0 T h o u s .  
b e l o w  s u r f a c e .
| M a j o r  p h a s e  m u l l i t e -  
! some a l u m i n a  a n d  e*.
1 i r o n ' m a y  b e  p r e s e n t .
i____________________ ______. ___________ __________
N o .  1+1+. 3 6 % S i 0 2 - A l 2 0 3 S u r f a c e . M a j o r  p h a s e  a l u m i n a ,  
m i n o r  p h a s e  oC i r o n .
1 . 0 0 ° C  ®  7 6  mm 1 0  t h o u ,  
b e l o w  s u r f a c e .
M a j o r  p h a s e  a l u m i n a ,  
m i n o r  p h a s e  m u l l i t e  
a n d  qC i r o n .
:
2 0  t h o u ,  
b e l o w  s u r f a c e .
A p p r o x .  e q u a l  q u a n t ­
i t i e s  o f  m u l l i t e ,  







1+0 t h o u ,  
b e l o w  s u r f a c e .
6 0  t h o u ,  
b e l o w  s u r f a c e .
8 0  t h o u ,  
b e l o w  s u r f a c e .
M a j o r  p h a s e  m u l l i t e ,  
m i n o r  p h a s e  oc i r o n ,  
p o s s i b l e  t r a c e  a l u m i n a
M a j o r  p h a s e  m u l l i t e ,  
s m a l l  q u a n t i t y  c* i r o n .
M a j o r  p h a s e  m u l l i t e ,  
e v e n  l e s s « < i r o n .
N o . 3 7 .  3 7 % Si0 2 - A l 2 0 3  j
t
0 .1 0 % C  7 6 0  mm, j
S u r f a c e . O n l y  m u l l i t e  d e t e c t e d ,  
b u t  a l u m i n a  c o u l d  b e  
p r e s e n t  -  a s  r e s u l t s  





2 0  t h o u ,  
b e l o v /  s u r f a c e .  ;
j
j
A l m o s t  p u r e  m u l l i t e  
w i t h  t r a c e  a l u m i n a -  
a n d  s m a l l  q u a n t i t y  






JL+0 t h o u .  i 




-  d i t t o  -
bu thou . ; Almost pare m a m t e ,
■below s u r fa c e ,  j tr a c e  alum ina.
8 0  t h o u .  ! A l m o s t  p u r e  m u l l i t e ,
b e l o w  s u r f a c e .  p o s s i b l e  t r a c e  a l u m i n a .
1 0 0  t h o u ,  
b e l o w  s u r f a c e .
P u r e  m u l l i t e
h o  . 6 8 .  3 7 % S i 0 2 - A l 2 0 ^  S u r f a c e  
1 .00% C  7 6  mm
2 0  t h o u ,  
b e l o w  s u r f a c e .
Alumina + slight 
trace otiron.
- ditto -
1|.0 t h o u ,  
b e l o w  s u r f a c e
6 0  t h o u ,  
b e 'lo w  s u r f a c e
8 0  t h o u ,  
b e l o w  s u r f a c e .
1 0 0  t h o u ,  
b e l o w  s u r f a c e .
M a j o r  p h a s e  a l u m i n a  
a n d  i r o n  t r a c e  
m u l l i t e .
M a j o r  p h a s e  m u l l i t e  
a n d  a l u m i n a ,  m i n o r  
p h a s e  od i r o n .
M a j o r  p h a s e  m u l l i t e ,  
m i n o r  p h a s e  a l u m i n a ,  
«  i r o n *
M a j o r  p h a s e ,  m u l l i t e ,  
m i n o r  p h a s e  a l u m i n a ,  
t r a c e  cc i r o n .
iH 'O G *xJ •H 0 o t-'so & o O »H rHerf •H rH
cm
G -P GO 0 Crf -P «H O OG 0 O
P< erf ft S
O erf O G 00 erf •x: w O 0 • 00 •PO G -P -H 1 G 0 •H i—!
erf g 1 G c iH '--N 00 0 d•H G 0 0 CN 0 © o P'i 01G *h »h| -P o o H O ^ •H rHrH rH 0
erf G OQj-P 0 O •m erf 0 r-T^ D 0 ,Q crf GX> roi'O •H crf •4-3 C,.j ►>» erf O G0 »H 0 G P-. G erf rH G G erf no0) H h r’t Cm G 3 •O , rj d 0+3 *H X> rH G co C +  + G oo no -o «r-to d,
G &• G
erf 0 to 00 erf erf 0 b GG o rH 00 iH o cv cv 
0 .0  o © E
UD 0
0 0 ? erf -P O erf erf O E 3 G d•o o rH £ . G S -H -H S CO *H co x: G *H O CO CO _ O 0





































0 : UN CV ? > o o r H CN ON O n CN H U N
to • • • • • • • • • • • •
5 o -
u n c o U N & CN r H t o rH CV 93U N CO CO o NO CO o - ' r H rH Hi- O '
•P
( D O W  
rH erf O  
O G -H
CN vO ifN ON cv UN vDCV O UN rH CV o CN UNO O O O o rH O H f• • • • © • • •



























i—! to CO NOCV CV • ' • • Hi’ . NO• • • cv o iH 4 •nO Cv? Hf CN CN cv Hf CN
UN vO
&
H ? vO ON
«H CN vO O to !> - to £ -
rH CN CN CV CN t - o to ( V CN
( V
CN rH
O O O O O o o o UN O O
• • • • • • • c • • • *



















UN oHf o to Ht- CN o 1> U N SiCV cv iH Si CN CN CV o o NO Si
vDo o o O O O o o cv o oo o o o O O O o o o o o o• • * • • • • © • • « • •
o o o o o o o o o o o o o
UN UN U N  : UN U N UN UN  ’in H ON O v O to : to UN H t- to NO NOo cv rH O o O cv CN o o rH NO• • • • • • • • • • » • •
o o o
V
o °  1(















x >  s
W
cv O W O n
P<q
to p q ^nO
•H to CN ON «H rH
O  + 3  






&  £  F
f£J ! 
r H  O n  ivO J> i On -4 c o  hJ-
s
cv
O  CO 
•H  £0
«  a
CO r H o v O o c- •sf r>« • • • e • • • •
o v O CO CV O V A rH v a VA
1 > CV rH c - TO CA r- V A
5  !
p  rH
O  O  CV ^
r H  ttf O  i CV
O  U  *H  •
E  «H CO O
........—•--- 1 ~
© j


















• H O - oCO •
























VA ' W VA H
• • • •















CV t r  t r  < 0  r H  
CV *<■ v O  vO  CV l C\O  O  O  O  O  O








r H C A O
C A O O
• « •
O o o
— -— — — —  - -
cv o
rH C A l—j





CO CA CA vO CO v O rH CA to
cv cv H o O r H O O o
• • r • • • • • • +





L q  a
•H
i o  p  
3  r H
i O  S
w  W  P£JrH \0  VA qn
i co -<t -4“
WCAvO
CO
CO v O  H































































£  crf c  o
• H  *H
M  P  
P  P  
CQ
P  _
- p  ©  CQ 
d  E  
P O O  
£  ' O © 
rH  IS Crf fHO  o  i
O '* I A V A U A ' D ( A P
p cv v D v O i> P to v D VC'S
p p O O o o o O O
e e « • * e « •
o o O o o o o o O
U©<nCO <+H 
Cj °
£  crf-P ©££  crfCA 
O I 
o p  o
•H  P  rH  
P  £  X  
• H  £
w>Sv-'T rCQ crf © O 
Crf rH  P  
- P O P  
O  E  P  p — ' B
! rH
CA V A CA to A? CA P v O to to C A to P < A9 • CA v O C A C A 0 - CA C A to V A p . V A CA
V A \0 9 9 9 • 9 9 e 9 9 • 9 « 9
i—1 P C A v O O CV CV CV O C A cv P
; ^  
i “S
' 1
; § ; OI' £  
! o  ■ o
• P  





; £  
•H
VA VA IA VA VA to VA VA o
(> P IA to vO O 3
vO to CO CA p VA to
P CV O O O O P o o O o CA A'
9 9 9 9 c • 9 « c • • 9 ' 9 9 9





£  ^  
© c aoo I >>o
X  rH  O X  O  ^
•H
P  •Crf p  
P  Is  







VA o O VA
t o vO c v O
9 9 9 9 9











J2;to C A ' "
------—--- ---------
o A v O






































! P  
CO
v a . CO tQ .  /
C A i r >  i











§  crf 
o  o•H P  X  P  P  P  
COP© -TJ — - p  © 10
Crf r a  E
p o o  £  £  '—' O ©
P  £  
crf P  O  O I
A vO to
CA P o




CA CA P CA to
va CA P rH oO O o O o• • c « c





£  crf 
P  ©
£CA
£  crfl 
O C
O P  P
•H »H
P  £  M
P  £
; t o P
co  crf P vOP o o • •
Crf p  p P o
P O Po  E P








VA O O p P CA CA CAP VA CA vD CA CA A• • • • • 9 • o

















©CA te l h o  y< p  
o
o  „ p  va. 
p  •
crf P  
p  £  CO ' —















s f vO AtoO VA A o• • • 9
P O O o






























A  CA II O  O A  P  A  O
«3 3  *HV n .  d j
VA V>. 
CA ^
O CA vD P
O CA O O
P P P
TABLE 2 5 . E f f e c t  o f m elt oxygen c o n te n t on th e  s p e c i f i c
r a te  o f s i l i c o n  t r a n s fe r  a t t  = 6 0 0 s .
M elt Eo, C r u c ib le . Rate o f S i l i c o n  P ick -u p  I Oxygen C ontent
J  t = 6 0 0 s c m ,  s i l i c a / ; & t=600svppm )
s e c )  x  10”  ^ I
82 8 S i0 292Mg0 4 .5 4 2 4 .5
37 u 1 7 .5 0 1 6 .5
90 i 11 - -
19 *1 to o  low  to  m easure. 124
18 11 6 .5 0 ! 2 5 .0i
76 11 9 .7 0 1 1 1 .0
63 ; 7 S i0 293-A3y3j 1 .7 9 1 2 6 .0





too  low  to  measure ! 210
66 I j 
1
3 .8 6 ! 2 9 .0i
71 1 .7 8 ! 3 5 .0i
67 ; 37 8i02 6 ZJQgf 3 .0 7 3 1 .0I
68 i 2 .2 2 7 .5
B7
\ ; 2 ,1 4 r  p-, 0 .5
57
j ,
0 .0 7 2 200
61 1 .4 3 100
79 1 .5 0 50
41 1 .3 4 2 5 .0
.
44 : 1 2 .8 5 1 0 .0
89
i
2 .8 5 1 2 .0
49 j 0 .2 5 7
210
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TABLE 27, Iffeet of calcu lated  gas/m etal in te r fa c ia l  area on the 
to ta l  ra te  of s ilic o n  tra n s fe r .
. T--------  ----
Melt ' Crucible, 
No. !i
w _  ,












to ta l  ra te  
of s ilic o n  
tra n s fe r  - 
(ftq./sec.-xl0~*?)
82 8Si02- 4. 01 2.45 2.06 ! 133 0.499
37 92MgO 7.63 1.65 0.24 j 193 1.93 j
18 4.73 2.50 1.95 187 0,714 j










63A1203 7.66 0.75 0.23 | 616 2.21  j1
87 7.34 0.65 0.012
i
! 434i
Q "| / i2 . JL4 ij
57
•
20.22 20.00 19.64 ! 3 0.071 j
61 14.46 10.0 2.53 ! 27 1.43 !1
79 9.63 5.0 0.099 44
! ....
1.49 !





84 93 A L ^ 5.76 . 1.30 0.21 ! 1881 1.43








56Si0oft 8.30 2.50 2.3 | 1340 1.86 •
44rTT -MA1203 13.26- 1.00 0.24 743 3.93 |f




' 22.11 21.0 • 16.4 1 11: 0.357
45 13.80
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TABLE 3 7 . D im ensions f o r  E .S .C . 5 0 t and Hoesch  
801 . l a d l e s .
L a d le s . SOT ! 30T
Me t  a l  He ig l i t  (cm ) 27h lk 7
Top. I .D . (cm) 2k7 20k
Bottom I .D . (cm) 220 176
M etal Volume (cm-5) 11800000 U100000
L a d le /m eta l area  (cm2 ) 2U30G0 120200
S la g /m e ta l area  (cm ) k7922 32689
TABLE 38 C a l i b r a t i o n  o f  T o e u le r  u-auge.
| Sm all bulb
4
V1 ^ f p i : .0 7 3 9 ) top two b ulb s ( )  ( f B. = . 2£ 1  ^ j Pj.2
i lh  j l a P h ,.a : lb
! T>
‘ b : x- h12a
P ! h
a i 12 b P -D VX
2 2 .8j 1 .6 8 5 3 .3
. 21+1-!- 8 7 .9 9 b ,4 1 ,6 8 3  : 0 .8 .2 1 0 7 4 .2 4
2 0 .5 ' 1 .5 1 5 2 .8 .207 8 2 .2 6 5 .7 1 .4 9 9  | 0 .7 ,1 8 4 7 2 .8 3
3-5.6; 1 .1 5 3 2 .2 : .1 6 3 85.6-0 4 .9 1 .2 8 8  | 0.1+5 .1 1 8 5 2 .5
31.81 2 .3 5 4 .8 ‘ .355 9 2 .6 7 8 C8 2 .3 1  ; 1 .0 .2 6 3 6 6 .6 4
16 .0 : 1 .1 8 2 .4 ; .177 9 1 .8 9 4 .4 1 .1 6 0  I 0.1+) .1 0 5 5 1 .8 0
8 .6  ;j
0 .6 3 6 1 .3 .0 9 6 9 2 .6 8 2 .4  10 .6 3 1  1 0 .2 5  i] .0 6 6 6 0 .3 9
24 .2 ' 1 .7 9  ; 3 .3 .21+1+ :82 .26 6 .7
> ! 
1 .7 6 0  j 0 .8  1
i
, 2101 7 0 .5 5
TABLE 39 C a lib r a t io n  o f  n r e ssu re  tr a n sd u c e r .
McLeod H eading.
fo r  volume 
Vx hx(om s)
( f l  = .0 7 3 9 )  
0
1 3 .6




f o r  volum es 
Vl +V2 h12  ^CI7i 








C a lc u la te d  p r e ssu r e  Output from  
in  system  P^Ctorr) ! tra n sd u cer
( m v )
0 0
1 .0 0 5 1 .7
1 .0 6 4 1 .7 5
1 .7 2 2 2 .9 2
1 .9 5 1 3 .2 8
2 .1 8 7 3 .6 8
2.1+72 1+.29
2 .8 6 7 1+.92
3 .2 0 9 5 .6 5
.
3.1+1+5 6 .0 5
3 .8 3 9 6 .7 8
1+.339 7 066
Ellingham diagram g i v i n g  the standard f r e e  
e n e r g i e s  o f  fo r m a t io n  o f  o x i d e s .  (1)
H,/H,0 RATIO
~~vZ vZ yZ- vZZ
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ELEMENT I OXIDECHANGES OF STATE
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Fi Rare 2 * Temperature dependence o f  the  oxygen p r e ssu re  
o f  i r o n  c o n t a i n i n g  1000 oxygen, ( l )
C on cen tra t io n  o f  oxygen i n  i r o n  a t  15U0° C 
and 1600° C as a f u n c t i o n  o f  oxygen  








OXYGEN p p m
F igure li. P ressure  dependence o f  n i t r o g e n  and hydrogen  
c o n t e n t s  of* l i q u i d  i r o n .  i n















*CQ = 0-1 a tm
10
>C q «  0-01 a tm-510
10"1 101-010
A L L O Y IN G  ELEMENT, w t - * / .
F igare  6 .
F i gare 7.
E f f e c t  o f  temperature on the e q u i l ib r iu m  
between carbon monoxide, carbon d io x id e  
and oxygen i n  l i q u i d  iron*. Reference  l i s t  
numbers are g i v e n  a g a in s t  each l i n e ,  (7)
E f f e c t  o f  temperature on the e q u i l ib r iu m  
between carbon monoxide, carbon d io x id e  
and carbon i n  l i q u i d  i r o n .  Reference  l i s t  
numbers are g i v e n  a g a in s t  each l i n e .  (7)
4

P lo t  o f  the d ata  (10)  f o r  the  product  






1 a t m s .  C O + C O .
2 - 00 -
T h e o r e t i c a l  carbon-oxygen  e q u i l ib r iu m  curve  
f o r  iro n -ca r b o n -o x y g en  a l l o y s ,  (20)
Per c e n t  CO^  i n  GO-CO  ^ m ix tu r es  a t  v a r io u s  
p r e s s u r e s  v s .  per  c en t  carbon i n  l i q u i d  
i r o n .  (20)
o.s
Qc versus 0 0 -Solid  Lines 



















0 .0 0 5 0.0 1 0 .0 5 0.1 0.2
P er cent C arbon in L iquid Iron
S o l u b i l i t y  o f  oxygen i n  l i q u i d  i r o n .  (23)  
(Chipman and F e t t e r s  (21+), Taylor  and 
Chipman (25)  ) .
The e f f e c t  o f  v a r io u s  e lem en ts  on the  a c t i v i t y  
c o e f f i c i e n t  o f  oxygen i n  d i l u t e  s o l u t i o n  i n  
l i q u i d  i r o n .  The numbers i n  p a r a n th eses  
a g a i n s t  each l i n e  r e l a t e  to  the r e f e r e n c e s  
f o r  the  i n t e r a c t i o n  c o e f f i c i e n t s  g iv e n  i n  
Appendix I ,  Table 10 o f  Bodsworth. (7)
TEM PERATURE, F 
2 8 0 0  2 8 5 0  2 9 0 0  2950  3 0 0 0  3 0 5 0  3100 3150 3 2 0 0  3 2 5 0 *
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F igure 13 .
F igure  1U.
F igu re  15.
The a c t i v i t i e s  o f  carbon i n  pure l i q u i d  
i r o n -c a r b o n  a l l o y s  with  r e f e r e n c e  t o  pure 
g r a p h i te  and d i l u t e ,  w e ig h t -p e r  c e n t  carbon,  
standard s t a t e s .  ( 7 ) ( 8 ) .
The e f f e c t  o f  carbon on the a c t i v i t y  
c o e f f i c i e n t  o f  oxygen i n  pure i r o n -c a r b o n -  
oxygen a l l o y s .
Curve I 
,f I I  
” I I I  
11 i v  
«» V 
" VI
S l l i o t t  (8)
Matoba and Banya (30)  
Chipman (29)
Schenck and Crerdom (11)  
Turkdogan e t  a l  ( l p )  
Fuwa and Chipman (10)
The e f f e c t  o f  v a r io u s  e le m en ts  on the  
a c t i v i t y  c o e f f i c i e n t  o f  carbon i n  d i l u t e  
s o l u t i o n  i n  l i q u i d  i r o n .  The numbers i n  
p a r e n t h e s e s  a g a i n s t  each l i n e  r e l a t e  to  the  






























2*0 3*0 4*0 5*0 6-0 7*0 8-0 9;0
Weight, % X
F ig u re  16, Comparison o f  the true  ( f a l l  l i n e s )  and 
apparent (d o t t e d  l i n e s )  e q u i l ib r iu m  c o n s t a n t s  
f o r  the d i s s o c i a t i o n  o f  s o l i d  alumina to  form 
aluminium and oxygen d i s s o l v e d  i n  l i q u i d  i r o n  
( 7 ) .  R eference  numbers are g iv e n  a g a in s t  













/F igu re  17. (a )  V e l o c i t y  and concentration-"boundary l a y e r s
next  to  a f l a t  p l a t e  i n  s t r e a m l in e  f l o w ,  
(b) Development of  c o n c e n t r a t i o n  boundary  
l a y e r  a long  a tub e ,  (23)
F igu re  16, E f f e c t i v e  d i f f u s i o n  boundary l a y e r  
t h i c k n e s s ,
Flow  D i r e c t i o n
A
FLAT P L A T E  IN STREAMLINE FL OW -SIDE ELEVATION
‘ Sa tu ra t ion  





B u l k  Value  
o f  C
x (  D i s t a n c e  from P l a t e )
FL A T P L A T E  IN ST RE A M L IN E FLOW -  SECTION AT A - A
(a)
-  t Flow  D i re c t io n
Sc
(b)
S a tu r a t i o n  V a lu e ,  C,
S o l i d F l u i d
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H P
Ftflare 20. Flow l i l i e s  i n  the v i c i n i t y - o f  a p lane  
c o n t a c t  s u r f a c e ,  ( 6 0 ) ( 9 3 ) .
Fjflare 21 .  Diagrammatic r e p r e s e n t a t i o n  o f  f l o w  i n  an
in d u c t io n  m e l t in g  fu r n a c e .  (93)
Fif lare 22.  P r o b a b i l i t y  o f  homogeneous n u c l e a t i o n  J o f
CO bu bb les  i n  an i r o n  m elt  i n  r e l a t i o n  to  
the  oxygen c o n te n t  o f  the b a th ,  (1%C, 






1 r 0.15 0 2 00.10
0 ,  w t %
0.05
Schem at ic  r e p r e s e n t a t i o n  o f  a s p h e r i c a l  cap 
bubble  and i t s  sup p osed  g row th  as  i t  r i s e s  
t h r o u g h  m e ta l  i n  t h e  open h e a r t h  f u r n a c e  (79
The e f f e c t  o f  b u b b le  s i z e  on t h e i r  r i s i n g  
v e l o c i t y  i n  a v a r i e t y  o f  l i q u i d s  ( e . g . e t h y l  
a l c o h o l  and m e r c u r y ) .  The v e l o c i t y  i s  
u n i n f l u e n c e d  by  th e  d e n s i t y  o f  th e  l i q u i d  
and t h e  s u r f a c e  t e n s i o n  a t  t h e  g a s - l i q u i d  
i  n t  e r f  a ce .  (82)
a i r  i n  -water +
n i t r o g e n  in  e t h y l  a l c o h o l  x
a i r .  i n  mercury  O
a i r  i n  P.D.A. s o l u t i o n s ,  (jk c . p . )  A


















let a I O H i .
O rTr~r*vrfr~~-~~ i m  nm mi
36 -
26 -
+. oA *r  -o0
O X X  ° oP ° fi A
0 ooftc + ®o t
J *
~+>o'8aa 0 t*oxo^fo° %
a^O O °a  • «/ i i
CO
/ o
°°^ ’ z 6?0 A
^ i / °  +b
•8 1-0 1*2 1*4 1*8 1-8 * 2-0 2*2 2*4
Radius, of equivalent sphere ( c m .)
In cr ea se  i n  mean s i l i c o n  c o n t e n t  o f  g r a p h i te  
s a t  m a te d  m e l t s  with t im e ,  when r e a c t i n g  
w ith  s i l i c a t e  m e l t s  at  1600° C and CO at  
1 .0  atm. dabbled throagh s l a g  at  the s l a g -  
me t  a l  i  nte  r f  a c e . (94)
The p l o t  o f  ------- - a g a in s t  R re s a l t s  i n  a
c;lS io2
s t r a i g h t  l i n e  with  a n e g a t iv e  s lo p e  as  
e q u a t io n  (9U) p r e d i c t s  (9U).
o  36%CoO-C4%Si02 






















0.5 1.0 1.5 2.0
R x I0 3, nS| /c m 2 hr.
Fi rrixr»e 77.—  • _ _ r
Rate o f  s i l i c a  r e d a c t i o n  
at  U4.5O0 ' C i n  s imple  g rap h ite  
c e l l s  and s l e e v e d  c e l l s ,  (.96)
Figure  28 ,
Schematic  oxygen concen­
t r a t i o n  p r o f i l e  i n  l i q u i d  
i r o n ,  (97)
Fig u r e  2 9 ,
Arrhenius p l o t s  o f  r a te  c o n s t a n t s  and 
temperature f o r  m e l t s  s a t u r a t e d  with  
carbon, (97)
Figure  50,
Arrhenius p l o t  of  r a te  c o n s t a n t  and
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C OSiO - Metol0
DISTANCE
Run no. 
o  17 ( I - I V )  
•  18 ( II-VI)  
A 20 ( I - V )  
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53 55 5 7 59 61 63
l / T _* I0 \°K ~ ‘
Fiffqre g l . Increase in  s i l i c o n  content and redaction  
in  carbon content of s t e e l s  containing  
i n i t i a l l y  0,2/iC daring vacuum melting in
in .  diameter a 1 am i no - s i l i c a t e  c r u c ib le s .  (99)
0-2
10,0




Results of experiments of  Parlee e t  a l  
showing evo lu t ion  of GO with time.
PiKare 33. Variation of mass transfer  c o e f f i c i e n t  ^
with w/o  C.
HIGH CARBON RUNS LOW CARBON RUNS
P2 = 7 2 6
e  7 9
P 78 g  78 
3  775  76
P 75UJ
1  74
P, = 7 8 2  
P2 =  6 6 2
0 10 20 3 0 4 0 5 0
TIME.min
P, = 7 9 9  
P2 = 6 6 2P, =  Equil ibrating p re s s u re  
P2 =  P re s s u re  during  run
59 -
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0 0-4 0 -6  0 - 8  1*00-2
WEIGHT % , C
3 k .
Redaction of oxide in c la s io n s  
by carbon saturated iron at
1700°G. (101) PIRare 55.
Change of carbon-oxygen 
contents during degassing  
of an iron  melt (86).
Rate of evo lu t ion  of carbon 
monoxide against gas content  
of melt.  (86)
Figure 37.
Evolution of carbon























N - N c o , cm3 C0
N »  gas  c o n te n t  of  th e  melt a t  t ime t ,  
in cm 3 of  CO a t  I0.” 3 mm Hg
N c o = = N ^ co= g o s  c on ten t  of  t h e  melt  in cm 3 of 
CO c t  tO-3 mm Hg t h a t  would be 




f igure  38, Q u a n t i t y  of gas formed as a funct ion  of
temperature for  d i f f e r e n t  carbon contents  
of .iron in  magnesia cru c ib les  and at  
















0,17 °'12%0,19 0.04S*0.911/3,120.33 3 0,0 3 5 
e  o,028 ©
0,032
S> 0.13
o v i'p  o0,03 s 0,019





o*°3 0.50 70,37 0.10 1.0059)
0,35 °-1.12
m o 1510 1550 1 5 9 0  1 2 0 0  m o  1 5 1 0Temperatur in °C
1550 1550 1030
T h e o r e t i c a l  q u a n t  i t  3/  o f  339.3  e v o l v e d  ( e q  
1 0 J4. ,  1 0 5 )  a t  d i f f e r e n t . p r e  s s u r e s  a s  a  f  
o f  c a r o o n  c o n t e n t ,  ( 1 0 7 )
Theoretical  quantity of gas evolved (eq 
10u, 105) from melts containing 0 ,1  and 
caroon as a function  of pressure.
Decarbarisation rate vs carbon content  
high frequency induction furnace. (109)
E ffec t  of the free  surface area on
u a t io n s














02 6% 0 2 5%
200
\ i - 0 2 2%
0.600.20 1.000.40
C  ( % )
X iO ' 4
600
500
   Mrlal jliOcj
x t j _








F r ee  surface a rea  (cm5)









a  PUr/°cni ? c u ? a t i J n ^  C lad le  to  lad le  d ta p  d e g a s s i n g  c lad le  t o  m o u ld  A ladle  to m ul tip le  m o u l d  g t w o - s t a g e  t r e a t m e n t  h
r cu la t ion  by g a s  lift , m g o t  d e g a s s i n g  k c i rcu la t ion  by in d u c t io n  /  c o m b in a t io n  p r o c e s s  m  a r c  h e a t in g  n t r e a t m e n t  in t h e  fi
Sarvey of the e f f i c i e n c y  of the 
degassing processes  in  terms of 
removal, (present work)(See Tah 
to th i s  diagram).
varioas  
hydrogen 









2 3 4 5 6 7 8 9 10
Initial Hydrogen cc. per 100 grm.
F ig u re 10 .  t F in a l  oxygen c o n te n t  a g a in s t  i n i t i a l  l e v e l  f o r
s t e e l s  in  various s ta te s  of  ox idation  degassed 
t y  the RH method.
Figore Variation in  the oxygen content from furnace
to  ingot mould with p a r t ia l  preliminary  
deoxidation before the caroon addit ion and 
with complete deoxidation with Si and Al. 
(113). (FH technique).
Ehihlff. JiZ-. Percentage of t o t a l  samples analysed which
contained more oxygen  than the corresponding
amount shown on the absc is sa .  (125)*
Key. Method A: standard double s lag ,  Si
deoXj a ir  c a s t .
Method 3: double s la g ,  Si + Al deox,
a ir  c a s t .
Method G: standard double s lag  A
plus vac. deg.
Method D: s ing le  .s lag ,  f e e .  block
with s i l i c o n  pig iron p l u s  
vac. deg.
Method E: double s la g ,  n o .  Si or Al
added to f e e ,  vac,deg.  
with Si to chamber la d le .
Method F: double s lag ,  balanced v/ith
Si addit ion  to f e e ,  vac.deg.  
with Si and Al to chamber 
" l a d l e .
 ^ 10 J I L
IO 2 0  4 0  6 0 8 0 1 0 0  2 0 0  4 0 0 6 0 0 8 0 0







V  FaSi i  akank
n . 0,5 kg A l / t  undor_ 
N \  avgasningon.50
F eSi o ch A l is k a n k
N,
Fore E tter GotGjut-







0 0010 0  0015 0  0020  0 0025 0  0030 0 0035 0  0040  000 4 5
TOTAL OXYGEN CO N TE N T/?.
Fl/ylpe US*
Fjp;are ^9.
Deoxidation e q a i l i 'D r i a  in  iron at l600°C .(3)
Go.roon/oxygen re la t io n sh ip s  obtained by 












C O N C EN TR A TIO N ,W EIG H T PER CENT.
10
VACUUM INDUCTION MELTING
O X YGEN SA TU RATION
l / / A  TAP DEGASSING
DH DEGASSING
-210
16 0 0  ° C
pc o  — 7 6 m m  
1 6 0 0  ®C1 6 0 0  *C-410
■% P3 IO' 10IO
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a  J / M/ V / l i l / l i M i l i l i ' l ' X t W 1  \K-~»* \
■ Era^ ’ara -
A schematic diagram of the experimental  
assembly, in d ica t in g  the l i n e s  for  pressure  










to gas  analysis
■argon





I__ flow m eter
motor
needle vacuum pump
F igure  5 3 *
Figure 5h»
A schematic representat ion  of the crucible  
assembly.
Photograph showing the f a i l - s a f e  design of  
the vacuum pump layout which uses e l e c t r o ­
magnetic va lves  to sea l  o f f  the system in  
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s i d e  t h e  R i k a d e n k i  mV r e c o r d e r  o n  t h e  h e n c h  
t o p  a n d  t h e  r e c t i f i e r  a n d  z e r o - a d j u s t  c o n t r o l s  
f o r  t h e  t r a n s d u c e r .
T he  i n d i v i d u a l  a n a l y s i s  c i r c u i t s  c a n  h e  
c l e a r l y  i d e n t i f i e d  f r o m  t h i s  p h o t o g r a p h .
The t r a n s d u c e r  h a s  b e e n  s u r r o u n d e d  w i t h  
c o t t o n  w o o l  a n d  a n  e a r t h e d  c o p p e r - m e s h  t o  
r e d u c e  t e m p e r a t u r e  f l u c t u a t i o n s  a n d  e l e c t r i c a l  
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The e f f e c t  o f  ;:he m e l t  o x y g e n  c o n t e n t  o n  t h e  
a m o u n t  o f  o x y g e n  t r a n s f e r r e d  f r o m  MgO -
c r u c i b l e s  i n  2 0 0  m i n u t e s ,  s h o w i n g  t h e  
s e p a r a t e  c o n t r i b u t i o n s  o f  o x y g e n  f r o m  w a t e r ,  



































4 60 2 128 1 0
OXYGEN , [ 0 M] , w t x 10~3
Fig  are Gl\.t The e f f e c t  o f  t h e  m e l t  o x y g e n  c o n t e n t  o n  t h e  
a m o u n t  o f  o x y g e n  t r a n s f e r r e d  f r o m  a l a m i n o ­
s i l i c a t e  c r u c i b l e s  i n  2 0 0 / m i n u t e s .  The  
c o n t r i b u t i o n  f r o m  a l u m i n a  c a n  h e  f o u n d  b y  
c o m p a r i n g  t h e  t o p  c u r v e s  f o r  t h e  m e a s u r e d  
d o n a t i o n  f r o m  s i l i c a  a n d  w a t e r  w i t h  t h e  
b o t t o m  c u r v e s  f o r  t h e  m e a s u r e d  r e m o v a l  o f  
o x y g e n  f r o m  t h e  m e l t  b y  r e a c t i o n  w i t h  c a r b o n .
50 - " f V f  C R U C I B L E S - ©  
A - " p -



















4 8 12 
OXYGEN , [ 0 j ,  wt°/0 x 10
20160
T h i s  d i a g r a m  s h o w s  t h e  a m o u n t  o f  o x y g e n  p i c k e d  
up o r  r e m o v e d  a s  t i m e  i j r o g r e s s e s . M e l t  1 8 ,  
i n  a c r u c i b l e  o f  M g 0 - 8 % S i 0 9 i n i t i a l l y  
c o n t a i n e d  a p p r o x i m a t e l y  0.1'/oG a n d  w a s  c o n t r o l l e d  
a t  a  t o t a l  p r e s s u r e  o f  7 6  t o r r .  U n d e r  t h e s e  
c o n d i t i o n s  i t  i s  a p p a r e n t  t h a t  t h e  o x y g e n  
c o n t r i b u t e d  f r o m  w a t e r  a n d  s i l i c a  a l o n e  i s  
s u f f i c i e n t  t o  a c c o u n t  f o r  a l l  t h e  c a r b o n  
r e m o v e d  f r o m  t h e  m e l t .  S i l i c a  d i s s o c i a t i o n  
a l o n e ,  h o w e v e r ,  a c c o u n t s  f o r  o n l y  t w o - t h i r d s  

















M A G NE S IA  -  8%Si02 CRU CIBLE 
Melt  N o -18•08
•04
0
TIME ( m i n )
•04
•08
S i l i c o n  p i c k u p  f r o m  c r u c i b l e s  c o n s i s t i n g  o f  
9 2  v / t . ^ S i O ^  -  l\. wt .>bA l2 0 ^ # The e x t e n t  an d  
r a t e  o f  r e a c t i o n  i s  i n c r e a s e d  b y  i n c r e a s i n g  
c a r b o n  c o n t e n t  a n d  d e c r e a s i n g  p r e s s u r e .  'The
k e y  f o r  t h e  c u r v e s  i s  g i v e n  i n  t h e  t a b l e  
b e l o w  t h e  d i a g r a m .
Crucible
9 2 / S i O
120006000 Time, s
Static Control ASi d in- 7T- 1° Per s. x 10 •5
Melt Key Initial Oxygen,- Pressure at t =
No $ C x lO-"9 tmn .Hg.
600 s 6000s 12000s
110 □ 0.786 4.50 3 18.75 — —
100 © 0.885 2.20 140 10.83 3.47 0.66
99 A 0.935 4.00 760 3.510 3.51 3.51
109 □ 0.288 4.70 3 13.33 0 -
106 O 0.16 6.60 140 3.33 0.83 -
101 A 0.141 20.00 760 0.575 0.49 0.094
----- Calculated
Figure 67. The e x t e n t  a n d  r a t e  o f  s i l i c o n  d o n a t i o n  f r o m  
5 6  Y / t .% S i0 2 -  A12 0 3 c r u c i b l e s  i s  s e e n  t o  
d e p e n d  o n  t h e  o x y g e n  c o n c e n t r a t i o n  a c h i e v e d  
b y  t h e  c a r b o n - o x y g e n  r e a c t i o n .  I n  t h e  t a b l e  
b e l o w  t h e  g r a p h  t h e  r a t e  o f  s i l i c o n  t r a n s f e r  
i s  g i v e n  f o r  t h r e e  v a l u e s  o f  t i m e  ( t ) .
o-75-- Crucible
5 6 1  Si 02  




A Si d ,n-51° per.s. x 10







m .m .Hg. 600 s. 6000 s. 12000 s.
89 ■ 0.853 1.20 3 5.50 5.30 3.30
44 • 0.935 1.00 76 5.50 2.70 0.60
41 ▲ 0.955 2.50 760 2.60 1.20 0.60
86 □ 0.037 - 3 1.70 0.30 -
45 O 0.126 6.00 76 2.60 0.20 0
49 A 0.134 17.30 760 0.50 0.10 0.005
-------- Calculated
Figure  68, The e x t e n t  a n d  r a t e  o f  s i l i c o n  t r a n s f e r  f r o m  
3 7  wt.JfcSiOg -  A l 2 ° 3  c r u c i h l e s .  The e f f e c t  o f  
c a r h o n  c o n t e n t  a n d  t h e  p a r t i a l  p r e s s u r e  o f  
c a r b o n  m o n o x i d e  i s  e v i d e n t  b o t h  f r o m  t h e  
s t a t i c  o x y g e n  v a l u e  a n d  t h e  a m o u n t  o f  s i l i c o n  




180006000 Time. s. 12000






A t fo per. s . x 
at t =
10~5
No x 10 ■> m .m  .Hg.
600 s . 6000 s . 12000 s.
87 m 0.760 0.70 3 3.00 1.60 1.50
68 • 0.960 0.75 76 3.10 1.30 1.00
67 ▲ 0.930 2.50 760 4.30 1.30 1.07
79 □ 0.100 5.00 3 2.10 0.20 0
61 o 0.090 10.00 76 2.00 0.10 0
57 A 0.115 20.00 760 0.10 0.10 0.10
-------- Calculated
S i l i c o n  p i c k u p  f r o m  7  v/t.J&SiOg -  A l p O^ 
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Jo per s. x 10 
at t =
5
No /> C x 10~3 m .m. Hg 600 s . 6000 s. 12000 s .
88 m 0.846 0.70 3 - - -
84 m 1.025 1.30 76 2. 00 0.50 0 . 028
63 A 1.070 2.00 760 0 . 60 0.60 0 . 10
71 □ 0.075 0.70 3 0 60 0.20 0
66 O 0.130 3.20 76 1 30 0.50 0
64 A 0.110 21.00 760 0 0 0
'The e f f e c t  o f  m e t a l  o x y g e n  c o n t e n t  o n  t h e  r a t e  
a n d  e x t e n t  o f  s i l i c o n  d o n a t i o n  f r o m  a 8 v/t.^oSiO^  















c/o  per s. x 10 
at t =
-5
600 s. 6000 s. 12000 s.
90 ■ 0.815 1.80 3 - - -
37 • 0.845 1.65 76 2.70 0.90 0 .30
82 ▲ 1.065 2.20 760 0.70 0 .50 0
76 □ 0.086 2.00 3 1.50 0 .30 0
18 o 0.112 2.45 76 1.00 0 .40 0
19 A 0.142 12.40 760 0 0 0
Calculated
The r e l a t i o n s h i p  b e t w e e n  t h e  a c t i v i t y  o f  s i l i c a  
a t  t h e  c r u c i b l e - m e t a l  i n t e r f a c e  ( c a l c u l a t e d  
f r o m  t h e  f i n a l  h u l k  s i l i c o n  a n d  o x y g e n  c o n t e n t s  
b y  e q u a t i o n  3 3 )  a n d  t h e  wt.^o  s i l i c a  i n  t h e  
s u r f a c e  l a y e r s  a n a l y s e d  f r o m  c r u c i b l e  s c r a p i n g s .
On t h i s  a n d  m o s t  o f  t h e  f o l l o w i n g  d i a g r a m s  up  
t o  f i g u r e  3 k  t h e  c r u c i b l e s  h a v e  b e e n  c o d e d  b y  
t h e i r  t r a d e  n a m e s  a s  f o l l o w s
% S i 0 2 %Alo 0
j
%MgO
s i c y 9 1 . 3 7 i+ .O l 2 . 5 7
M1 5 5 . 8 0 k l . k 5 0 . 2 2
P ’ 3 6 . 8 0 6 1 . 2 0 0 . 0 7
H S’ 6 . 8 0 9 2 . 5 H .B
I'JAG1 8 . 0 0 0 . 3 3 8 9 . 8 0
The q u a n t i t y  o f  s i l i c a  r e m o v e d  f r o m  t h e  
i n t e r f a c e ,  b y  t h e  d i s s o c i a t i o n  p r o c e s s ,  



















































0 4 8 12 16 .
F INAL OXYGEN C O N T E N T  w t % X l 0 " 3
20
f f ig a re  73* When t h e  v i t . %  s i l i c a  l o s s  f r o m  Jj ' igare  7 2  i s  
p l o t t e d  a s  a  p e r c e n t a g e  o f  t h e  o r i g i n a l  s i l i c a  
c o n t e n t  a i l  p o i n t s  a p p e a r  t o  l i e  o n  t h e  same  
c a r v e ,  i r r e s p e c t i v e  o f  t h e  o r i g i n a l  c r a c i h l e  











OXYGEN, [OM] f W t % * l 0 3
0 4
The e x t e n t  o f  s i l i c a  d i s s o c i a t i o n  i s  i l l u s ­
t r a t e d  "by t h e  p l o t  o f  t h e  f i n a l  s i l i c o n  
c o n t e n t  ( w t . % )  a g a i n s t  t h e  h u l k  s t a t i c  
o x y g e n  c o n t e n t  ( w t „ % ) .  The  a m o u n t  o f  s i l i c o n  
p i c k e d  u p ,  f o r  a  g i v e n  o x y g e n  l e v e l , i n c r e a s e s  
w i t h  i n c r e a s i n g  s i l i c a  c o n t e n t  o f  t h e  c r u c i b l e .
The e f f e c t  o f  t h e  i n i t a l  s i l i c a  c o n t e n t  o f  
t h e  c r u c i b l e  i s  b e t t e r  s h o w n  b y  t h i s  d i a g r a m  
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INITIAL SILICA CONTENT OF CRUCIBLE, N S50
P iR a r e  76*
P i R a r e  7 7 .
M c r u c i b l e  ( 5 6  v / t .^ b S iO ^ - A l^ O ^ )  e H e l d  a t  1 6 0 0 ° C  
i n  v a c u o  f o r  k  h o u r s  a n d  g a s  q u e n c h e d .  Vacuum  
m o u n t e d  i n  A r a l d i t e  a n d ,  a f t e r  p o l i s h i n g ,  
e t c h e d  i n  a 5% HP s o l u t i o n .  P h o t o g r a p h e d  o n  
a Z e i s s  U l t r a p h o t  a t  a  m a g n i f i c a t i o n  o f  X 1 0 0 .
P  c r u c i b l e  ( 3 7  w t . ^ S i O ^ - A l ^ O ^ . ) . H e l d  a t  1 6 0 0 ° G  
i n  v a c u o  f o r  k  h o u r s  a n d  g a s  q u e n c h e d .  
M a g n i f i c a t i o n  X 2 0 0 .
_ • +- > * * ■>; *
' • w
-Vv .&■ ->
• ' '- * . r' '• t. * '
■ . . . . ' *
'4fefe
F i g u r e  76.
F i g u r e  7 9 .
HS c r u c i b l e  ( 7  w t . J & S iO g - A lg O ^ ) . H e l d  a t  lbOO°C  
i n  v a c u o  f o r  4  h o u r s  a n d  g a s  q u e n c h e d .  
M a g n i f i c a t i o n  X 5 0 .
MAG c r u c i b l e  ( 8  w t . J e S i O g - M g O ) . H e l d  a t  1 6 0 0 ° C  
i n  v a c u o  f o r  U  h o u r s  a n d  g a s  q u e n c h e d .  
M a g n i f i c a t i o n  X 5 0 .

F igu re  8 0 .  ^-^2 ~ “^ *2^3 e(3-ai l i ^riain diagram. (,13U)
vvt. %
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uiquid Mullite ss 
-  Muliite + Liq.\ /^C o r. " 
+ Liq. J /  +Liq. _ 
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F ig u r e  8 1 , The e f f e c t  o f  th e  "balk oxygen c o n t e n t  on th e
t o t a l  s i l i c o n  t r a n s f e r ,  c a lc u la t e d  as the  
number o f  m oles o f  s i l i c o n  t r a n s fe r r e d  to  the  
m elt from u n it  area  o f  s i l i c a  assuming the  
c o n d i t io n s  shown i n  F igure  82 ap p ly .
F igu re  8 2 , The c r u c ib le  su r fa c e  i s  s c h e m a t ic a l ly
r e p r e se n te d  by sep a ra te  a rea s  o f  s i l i c a  and 
alum ina. The e f f e c t  o f  time i s  to  in c r e a s e  
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DISSOLUTION TIME
F ig a r e  8 3 . The depth o f  s i l i c a  e r o s io n  a ch iev ed  by the  
end of the  m e lt ,  assuming F igure  82 to  ap p ly ,  
in c r e a s e s  w ith  d e c r e a s in g  m elt oxygen and 
d e c r e a s in g  • These c a lc u la t e d  v a lu e s
are in  good agreement w ith  Xray s t u d ie s  





























■Figure 8Lu The s p e c i f i c  r a te  o f  s i l i c o n  pickup at  
t= 600s ( c a l c u l a t e d  as the number o f  m oles  
o f s i l i c o n  t r a n s fe r r e d  from each sq .cm . o f  
s i l i c a  i n  one second) i s  se en  to  in c r e a se  
w ith  d e c r e a s in g  bu lk  oxygen c o n te n t .  The 
s p e c i f i c  r a t e s  are h ig h er  i n  the  low s i l i c a  
c r u c ib le s  p o s s i b l y  as a r e s u l t  o f the  
l a r g e r  l o c a l  d r iv in g  fo r c e  w i t h ' th e  lower  
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-Figure 8 6 ( a ) ,  Comparison of* measured r a t e s  o f  s i l i c o n
t r a n s f e r  w ith  th ose  c a lc u la t e d  from Model 
I (a )  (e q u a t io n  130* ta b le  26) a f t e r  hard 
( 9 7 ) .  There i s  v i r t u a l l y  no c o r r e l a t io n .
.Figure 6 6 ( h ) .  Comparison o f  measared r a t e s  o f  s i l i c o n
t r a n s f e r  w ith  th ose  c a l c u l a t e d  from Model 
I ( h ) .  Here the va lu e  f o r  the g a s-m eta l  
i n t e r f a c i a l  area  has been c a lc u la t e d  
from e q u a t io n  132 and the agreement "with 
the measured r a t e s  can  be se en  to  be much 
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MEASURED RATE OF Si TRANSFER, w t% /s  x1G"5
6
F igure
8 7 . The g a s -m e ta l  su r fa c e  area (Ag) c a lc u la t e d  
from e q u a t io n  (132) and l i s t e d  i n  fa b le  27 i s  
shown to  in c r e a s e  w ith  d e c r e a s in g  oxygen  
c o n te n t  and . . . . .
88 . . . . . .  in c r e a s in g  r a te  o f  s i l i c o n  t r a n s f e r .  
T his i s  a r e f l e c t i o n  o f  the e f f e c t  o f  
in c r e a s in g  the carbon c o n te n t  and d e c r e a s in g  

























RATE OF SILICON TRANSFER, ns |//s  x10_5,a t  t=600s
F ig u r e  69« Comparison o f  measared r a t e s  o f  s i l i c o n  
t r a n s f e r  w ith  th o se  c a lc u la t e d  from Model 
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MEASURED RATE OF Si TRANSFER w t% /sx10’5
P iR a re  9 0 / Comparison o f  measared r a t e s  o f  s i l i c o n  
t r a n s f e r  w ith  th o se  c a l c u l a t e d  from Model 
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MEASURED RATE OF Si TRANSFER, w i7o/s x10
6
F igure 9 1 ,  Comparison o f  measured r a t e s  o f  s i l i c o n
t r a n s f e r  w ith  th o se  c a lc u la t e d  from Model 
IV. ( se p a r a te  phase model; e q u a t io n  12k, • 












MEASURED RATE OF Si TRANSFER,wt%/sx10'5
FIR are  92 .
F igu re  9 3 .
The in f lu e n c e  o f  the  "bulk oxygen c o n te n t  on 
the  sep a ra te  s p e c i f i c  r a t e s  o f  oxygen t r a n s f e r  
from s i l i c a  and m u l i i t e .  From t h i s  diagram
m u l i i t e  appears to  have ro u g h ly  tw ic e  the
#
s t a b i l i t y  o f  s i l i c a .
The t h e o r e t i c a l  tren d  from Model IV i s  seen  
to  g iv e  good agreement w ith  the measured  
r a te  o f  t r a n s f e r  over -the 'whole range o f  























































































ra te  values d e riv ed  from  
m odel [V







OXYGEN, 3 15, a t  t =600sH10, w t%  x 10
pi








ra te  values derived 
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OXYGEN,[oM], w t%  x IO-3, a t t  = 600s.
2 0
l ° igure  9 k- 'ihe r e l a t io n s h ip  "between the  t r a n s f e r  r a te  
o f  s i l i c o n  and the d r iv in g  f o r c e  f o r  oxygen  
d i f f u s i o n  a c r o s s  the boundary la y e r  as 
c a lc u la t e d  by methods A and B o u t l in e d  i n  
Chapter 2 ,  s e c t i o n  ij.. 3 * 2 .6 .  and f a b le  29 .  
Method B, by e q u a t io n  (li^u), becomes more 
in a c c u r a te  as tim e p r o g r e s s e s  b ecau se  o f  
the  u n c e r ta in ty  o f  the va lu e  f o r  s i l i c a  
a c t i v i t y  a t  the c r u c ib le - m e t a l  boundary.
The r e s u l t s  are brought more in t o  l i n e  w ith  
the  ex p e cted  r e l a t io n s h ip  \ i ie n  the  a s -  





























OXYGEN GRADIENT ACROSS 










F i g u r e  9 5 ( a ) . The e f f e c t  o f  oxygen and s i l i c o n  c o n te n ts  
on the s p e c i f i c  r a te  o f  oxygen t r a n s f e r  
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OXYGEN IN THE
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MELT, W t . X  ( ° m )
F igu re  9 5 ( b ) .  T h is  diagram shows the e f f e c t  o f  d e c r e a s in g
the a c t i v i t y  o f  s i l i c a  i n  the c r u c ib le  
su r fa c e  upon the s p e c i f i c  r a te  o f  oxygen  
t r a n s f e r .  From t h i s  the oxygen d o n atio n  
r a te  can be e s t im a te d  f o r  a ¥/ide range o f  
m elt and c r u c ib le  c o n d i t io n s .
10
0 must
. ....... . ..













)I ' i g u r e  96 . The e f f e c t  o f  b u b b le  r a d i u s  and a tm o s p h e r ic  
p r e s s u r e  upon th e  p a r t i a l  p r e s s u r e  o f  c a rb o n  
m onoxide, J>qq , a t  th e  s u r f a c e  o f  b a b b le s  
n u c l e a t e d  on th e  c r u c i b l e  b o t to m  o f  th e  
p r e s e n t  51b m e l t s ,  ( e q u a t io n s  141 and 1 4 2 ) .











































Sfr t^ 8 9
The a r g o n - s u c t i o n  d e v ic e  u sed  to  ta k e  sam ples 
o f  m e ta l  from  th e  l a d l e  "before and d a r i n g  
vacuum d e g a s s in g .  T h is  equ ipm en t was 
d e s ig n e d  to  he o p e r a t e d  hy  one man. A s w itc h  
on th e  l a n c e  o p e r a t e s  th e  s o l e n o id  v a lv e  
w hich  s h u t s  o f f  th e  su p p ly  o f  a rg o n  and opens 
th e  l i n e s  t o  vacuum.
V A C U U M
P U M P
S I L I C A
T U B E
t o  s w i t c h  o n  l a n c e
1 2 VT R A N S F O R M E R  
a n d  R E L A Y v A R G O N
2 4 0 V
S A M P L I N G  L A N C E
S O L E N O I D
V A L V E
2 4 0 V
V A C U U M
R E S E R V O I R
111)
)
The n e x t  s e v e n te e n  d ia g ra m s  r e p r e s e n t  
th e  ch an g es  i n  oxygen, s i l i c o n  and 
c a rb o n  c o n t e n t s  which to o k  p l a c e  d a r i n g  
th e  vacuum t r e a tm e n t  o f  th e  e x p e r im e n ta l  3 0 1  
h e a t s .  The d a sh ed  l i n e  on e a c h  f i g u r e  
r e p r e s e n t s  th e  t h e o r e t i c a l  oxygen p a th  
had  e q u i l i b r i u m  "been o b t a i n e d  b e tw ee n  
c a rb o n  and oxygen a t  e ac h  d e g a s s in g  
c y c le  ( e q u a t io n  (1 4 3 ) .  A l lo y in g  and 
d e o x id a n t  a d d i t i o n s  a re  i n d i c a t e d  i n  .
each  c a s e .
oxygen (wt.$) O 
carbon (vfc.$) © 
s i l ic o n  (wfc.jS) A
L M  3 3 9 8
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.b1 inure 117 (116).
f i g u r e  1 1 8 ;
T y p ic a l  DH r e c o r d  c h a r t s  show ing th e  
s y n c h r o n i z a t i o n  and form  o f  (.a) th e  
p r e s s a r e  i n  th e  v e s s e l / t i m e ,  (b ) th e  
l a d l e  s t r o k e / t i m e ,  and (c )  th e  w e ig h t  
o f  s t e e l  i n  th e  v e s s e l / t i m e .
C a l i b r a t i o n  c a rv e  f o r  th e  e f f e c t  o f  
p r e s s u r e  on th e  f lo w  r a t e  o f  g a s  • 
e v a c u a te d  from  th e  v e s s e l .  T h is  c u rv e  
was p ro d u c e d  by  e v a c u a t in g  th e  v e s s e l  
and, w i th  th e  m ain vacuum v a lv e  open, 
m e a su r in g  th e  s te a d y  p r e s s u r e  o b ta in e d  
when a i r  was a l lo w e d  to  f lo w  i n t o  th e  
v e s s e l  a t  a known r a t e  th ro u g h  

















F ig u r e  119. ?l‘he i n f l u e n c e  o f  c a rb o n  c o n t e n t  on th e
d o n a tio n  r a te  o f  oxygen from so u r c e s  o th er  
than  the s i l i c a  o f  the  l a d l e  l i n i n g ,  . 
























































0 1 532 4
CARBON CONTENT , w ifo,
0  S 3 ,  b l o c k e d  i n  f e e
O  u n k i l l e d E . S . C ,  3 0 1 .
d o u b l e - s l a g
A  u n k i l l e d , n o r m a l l y  n o  s l a g  — H O E S C H  8 0 t .
The i n f l u e n c e  o f  th e  t o t a l  r a t e  o f  oxygen 
d o n a t i o n  on th e  e f f i c i e n c y  o f  oxygen rem oval 
d u r in g  d e g a s s in g .  The e f f i c i e n c y  i s  d e f in e d  
a s ,
/ i n i t i a l  /  f i n a l
% 0 . . j _  ./ i n i t i a l
x 100%.
The amount o f  oxygen removed c an  "be d e c r e a s e d  











A < 0 - 1 % C , 8 0 T  H O E S C H
O < 0 - 1  • , 3 0 T  E S C
▲  > 0 - 1  * , 8 0 T  H O E S C H
@ > 0 - 1  * , 3 0 T  E S C
100
8 0  -
RATE OF OXYGEN DONATION, wt%x10"5
L is t  o f Courses and Sp ecia l V is it s
1. Tutorials with college supervisor 8 hrs.
2. Lectures on "Mathematics of d iffusion" 30 hrs
3. V is i t  to Dortmund Hdrder Hilttenunion, 7 days
Dortmund, V/.Germany (Now Hoesch A«G.)
1965
4. V is i t  to Bdhler Bros, Kapfenburg, (Austria)
and Hoesch A.G. (Germany), 196? 7 days
5. 4th In ternational D.H. Conference,
Lucerne, Switzerland, 1968 8 days
